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Abstract
This thesis represents an integrated study of the ecology and reproductive 
biology of Clausocalanus, a planktonic copepod genus th a t is widespread in 
oceanic and coastal regions but still poorly investigated. Principal aim of 
this study was characterizing the niches of eight congeneric species on the 
basis of investigations conducted at different space and time scales in the 
Mediterranean Sea and in the Atlantic Ocean.
The combined results of field surveys and experiments showed th a t Clau- 
socalanus species were characterized by different ecological and reproductive 
traits. Along ecological gradients of tem perature and autotrophic biomass, 
the niches were clearly defined and separated in small (C. paululus, C. per- 
gens, and C. furcatus) and large (C. lividus and C. mastigophorus) species, 
while they largely overlapped in medium-sized species ( C.. parapergens, C. jo- 
bei, and C. arcuicornis) .
Clausocalanus presents a unique reproductive feature among planktonic 
copepods, since its species have two different egg-laying modes: small and 
medium-sized species are sac-spawners while the large species are broadcast 
spawners. The first da ta  on specific sex ratio, embryo viability and hatching 
success were here provided for Clausocalanus wild populations. Egg produc­
tion rates of broadcaster species were more than  three times higher than  
those of sac-spanwers. Embryo viability was low in broadcast spawners and
vi
very high in sae-spawners. Despite the two groups had similar secondary pro­
duction, broadcast spawners had lower recruitment, which could contribute 
to  their lower abundance at sea. A nuclear vital probe revealed th a t eggs of 
successive clutches were fertilized even in the absence of males, suggesting 
th a t re-mating is not necessary in this genus.
The results of this thesis highlight the relevance of Clausocalanus in ma­
rine zooplankton communities and the distinctness of its species, towards a 
better understanding of niche differentiation among congeners in the epipela- 
gos.
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Introduction
Marine environments cover most of earth surface («72%) and occupy a 
large to tal volume of about 1.37 109 km3. In all marine regions, the whole 
water column was successfully colonized by planktonic animals, which occur 
with large number of individuals and species, most of them  concentrated 
in the epipelagic domain. Even in marine oligotrophic environments, which 
represent the vast majority of the oceans and where abundances are limited 
by very low primary production, numerous zooplanktonic species coexist. 
“How is it possible for a number of species to coexist in a relatively isotropic 
or unstructured environment all competing fo r the same sort o f materials?”. 
This question, phrased by Hutchison in 1961, had arisen by his previous 
remarks (Hutchinson, 1957) and is known as the paradox o f the plankton 
(Hutchinson, 1961). Hutchinson referred to  phytoplankton but these issues 
can actually be applied to animal planktonic communities too.
In the early 20th century, Grinnell (1917) and Elton (1927) independently 
introduced the niche concept to which they attributed different meanings. 
While Grinnell focused on the place occupied by a species in the environ­
ment, Elton focused on the role of a species in the community. Both Grin­
nell and E lton’s niche definitions included the Darwinian metaphor later 
named the competitive exclusion principle (also known as Gause’s prin­
ciple, Volterra-Gause principle and Lotka-Volterra principle) which states
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th a t “complete competitors cannot coexist” , i.e., two species cannot coexist 
if they require and consume in the same mode and intensity exactly the 
same resources for living (Hardin, 1960). Hutchinson, redefined the niche 
as an attribute of the population (or species) in relation to its environment 
(Hutchinson, 1957) and formalized the niche concept in terms of the occu­
pation of a hypervolume (N-dimensional space) whose dimensions represent 
each measurable feature of the environment th a t influences organisms. The 
niche might be defined as the region of the hypervolume in which the fitness 
(survival and reproduction) of the individuals is positive. This hypervolume 
may be called the species’ fundamental niche (Hutchinson, 1957). Due to 
competition and other interactions, the species may be excluded from some 
parts of its fundamental niche. The reduced hypervolume where a species 
occurs is termed its realized niche (Hutchinson, 1957). Hutchinson’s defi­
nition is static (fixed in space) and atem poral (fixed in time) so does not 
immediately suggest how to represent variability of organisms in their u ti­
lization of the environment over time or variability of species populations in 
space and time (Griesemer, 1999).
W hen the temporal and /or spatial scales are taken into account in char­
acterizing species niches, two interpretations can be obtained. According to 
the environmental niche definition (those of Grinnell and Elton), two species 
“fill the same niche” in different places or times not only when they are 
ecologically similar but also when the environmental structures are simi­
lar. According to the population niche definition (that of Hutchinson), two 
species “have similar niches” when they have similar ecological, morpholog­
ical and behavioral features at th a t time(s) and/or site(s). These kind of
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similarities themselves should be considered in terms of ecological and evo­
lutionary processes, studying habitat characteristics as well as phylogenetic 
relationships among species (Colwell, 1999) .
Mac A rthur and Levins (1967) stated th a t the more ecologically similar 
two competing species are, the less likely they are to coexist, so there must 
be some limit to the ecological similarity of coexisting species. The degree 
of similarity, and thus the level of competition, has been measured as niche 
overlap in relation to niche breadth, for which many theoretical formulations 
and empirical measures have been devised and explored (Colwell, 1999 and 
references therein). The differences between niches of coexisting species are 
usually considered as the result of their coevolution, which occurred in the 
past under determined pressure of competition, although almost in every 
case this hypothesis remains untested (Connell, 1980).
Plankton niche characterization is a challenging issue in pelagic systems, 
where the environment is apparently unstructured but a high degree of co­
existence is observed even among congeneric species. Hutchinson stated  th a t 
temporal habitat variability does not perm it marine communities to reach an 
equilibrium preventing single species dominance (Hutchinson, 1961). Richer- 
son et al. (1970) hypothesized th a t contemporaneous heterogeneity might be 
the major diversifying factor with enough persistence to allow many species 
to exploit the whole habitat simultaneously. According to  Ghilarov (1984), 
neither of the two previous hypotheses can provide an adequate explanation 
of the paradox o f the plankton and he suggested an alternative explana­
tion, the “coexistence principle” formulated by Boer (1980). According to 
the coexistence principle, species th a t are taxonomical closely related (and
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likely also similar in their ecological needs and features) co-occur in the same 
sites more frequently than could be expected from a random distribution of 
species.
Phytoplankton, the pelagic primary producers th a t are food for zoo- 
plankton, are unicellular with some species forming colonies, but their lack 
of complex tri-dimensional structure when compared to land primary pro­
ducers like grasses and trees (roots, trunk, branches, leafs and their com­
ponents), limits the number of niches for aquatic primary consumers while 
it increases enormously in terrestrial prim ary producers (flora). Moreover, 
phytoplankton generation times are much shorter than  those of terrestrial 
plants. This implies th a t short-time variability of the environment as caused 
by heavy rainfall, stormy days, or hot weather periods can have a pro­
nounced impact on water characteristics, light conditions and nutrient sup­
ply, preventing the equilibrium among autotrophic organisms and therefore 
also in the further steps of the trophic web (Reynolds, 1993). Several stud­
ies have attem pted to quantify, or at least identify, which factors prevent 
the equilibrium being reached: seasons and weather (Reynolds, 1993), physi­
cal processes (mesoscale vortices and fronts) th a t generate transport barriers 
and prevent complete mixing and competitive exclusion (Bracco et a/., 2000), 
extinction and invasion (Huisman et a/., 2001); trophic interactions and com­
petition (as well as seasonality, Scheffer et al. (2003)). All such studies stress 
the importance of the scales in niche characterization in pelagic systems, 
differing from hours to years and from centimeters to kilometers. The issue 
is efficiently expressed by Reynolds’ statem ent “one summer in plankton dy­
namics is comparable to many centuries of terrestrial succession” (Reynolds,
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1993).
Coexistence of zooplankton species has been extensively studied, mainly 
in cladocerans in freshwater environments (e.g., Daphnia spp., Leibold and 
Tessier, 1997). In marine environments, most zooplankton are represented 
by copepods (Arthropoda, Crustacea), which are considered the “insects of 
the seas” . In comparison with insects, copepods have much lower diver­
sity but are much more abundant due to the large volume of seawater on 
earth (Schminke, 2007). Copepods successfully colonized the whole water 
column and numerically dominate the zooplankton communities in a very 
large variety of ecological conditions (Huys and Boxshall, 1991). Up to now, 
2258 species of pelagic copepods have been inventoried in the world’s oceans 
(Razouls et al., 2005-2007). The order Calanoida (43 families) is the most 
numerically abundant (80.4 % of to tal copepod numbers) (Razouls et al., 
2005-2007). The large number of copepod genera co-occurring in a certain 
depth layer, coupled with the occurrence of as many as 10 to  15 congeneric 
species (Mauchline, 1998), challenge the niche definition for this group.
In copepod communities, large overlap of species niches were observed in 
the North Pacific by Hayward and McGowan (1979). These authors pointed 
out two main aspects to  explain copepod coexistence: the first relates to  the 
reduction of competition through specialization and niche separation, and 
the second relates to the non-equilibrium in which competition, and the re­
sulting competitive exclusion, is prevented by some disturbing influence such 
as patchiness, seasonality or predation. Nevertheless, the copepod species 
recorded had broad depth distributions and a wide variety of food items in 
their gut contents, which suggests th a t they were generalists (Hayward and
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McGowan, 1979). Persistent co-occurrence of copepod species believed to 
utilize the same or similar resources was observed by McGowan and Walker 
(1979), who reported th a t most of the co-occurring species overlapped in 
body size and had similar body plans, and some were congeners.
D isturbance-perturbation theory, which gives satisfactory explanations 
of diversity maintenance in benthic systems, does not apply to a pelagic 
system such as the central gyre of the North Pacific (McGowan and Walker, 
1985). On the other hand, in regions with more pronounced environmental 
gradients, species might minimise interspecific competition by various means. 
In the eastern tropical Pacific Ocean, species may reside in different positions 
in the water column (Longhurst, 1985). In the North Atlantic Ocean, species 
may have seasonal displacement of their main reproductive periods, occupy 
different trophic levels, have different reproductive strategies, or different 
migratory behavior throughout the year (Williams, 1988).
According to Darwin (1872), struggle will generally be more severe be­
tween congeneric species than  between species of distinct genera because of 
their generally remarkable similarity in morphology and habits. Several stud­
ies have focused on the occurrence of congeneric copepod species to  look for 
patterns or mechanisms th a t should prevent competition among them. Body 
size and different patterns of vertical migration between highly stratified wa­
ter masses were the two mechanisms postulated to  allow copepod congeneric 
species coexistence in the Gulf of Guinea (Bainbridge, 1972). Some con­
generic species show vertical habitat-partitioning (e.g., family Scolecitrichi- 
dae Kuriyana and Nishida, 2006) while others largely overlap (e.g., 12 eu- 
chaetid species, Mauchline, 1995) or do not separate in the vertical domain
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(e.g., 5 Pleuromamma species, Haury, 1988). Some congeneric species show 
clear differentiation in their distribution along spatial gradients (e.g., 4 Acar­
tia species in estuarine environment, Alcaraz, 1983), shifts in the temporal 
patterns of the breeding season (e.g., six Acartia species, Lakkis, 1994) or 
no shift (e.g., Centropages, Oithona, Haloptilus and Pleuromamma pairs 
of congeneric species, McGowan and Walker, 1979). Different geographical 
distribution and different size of feeding appendages have been suggested 
for five Euchirella species (von Vaupel Klein, 1997). Among small plank­
tonic copepods, consistent patterns of ontogenic and diel vertical distribu­
tion shifts were observed in Paracalanus, Acartia and Oithona in the Pacific 
Ocean (Ueda, 1987). Bottger-Schnack (1996) and Paffenhofer and Mazzocchi 
(2003) recorded different vertical distribution of congeneric species in small 
copepods like Oncaea, Oithona, Paracalanus, Calocalanus, and Clausocala­
nus.
1.1. Clausocalanus: the target copepod genus
Recent studies have highlighted the importance of small planktonic m a­
rine copepods (<  1 mm in length) in terms of abundance, biomass and 
grazing impact in marine environments (Morales et al., 1991; Roman et al., 
1993; Calbet et al., 2001; Hopcroft et al., 2001; Gallienne and Robins, 2001; 
Turner, 2004). Among the small planktonic copepods, the genus Clausoca­
lanus is one of the most common and abundant genera in oceanic environ­
ments, especially in subtropical-tropical regions
In their precious revision on the morphology and biometry of the species
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th a t represent genus Clausocalanus, Frost and Fleminger also reported the 
geographical distribution of the species, which is summarized briefly here. 
The genus Clausocalanus has a world wide distribution. Eight species are 
circumglobal (C. mastigophorus, C. lividus, C. parapergens, C. arcuicornis, 
C. jobei, C. furcatus, C. pergens and (7. paululus), two species are restricted 
to  the Indo-Pacific Oceans (C. farrani and C. m inor), while the last three 
species have circumaustral distribution (C. ingens, C. laticeps and C. bre- 
vipes). The distribution ranges of many Clausocalanus species frequently 
overlap (Frost and Fleminger, 1968).
Clausocalanus species are small, most of them  are <1 mm in to ta l length 
(TL), and the largest ones do not exceed 2 mm (Frost and Fleminger, 1968). 
Females are larger than males: the largest female is th a t of C. ingens (TLma;E 
1.90 mm) while the largest male is th a t of C. lividus (TLmax 1.45 mm); the 
smallest female and male belong to  C. paululus (T h min 0.66 mm and 0.47 
mm, respectively). In the M editerranean Sea, eight Clausocalanus species 
are reported (Razouls and Durand, 1991) out of the thirteen species de­
scribed for this genus (Frost and Fleminger, 1968)(Figure 1.1).
Since the revision of Frost and Fleminger (1968), Clausocalanus species 
have been the object of only a few detailed studies on their ecology (Ta­
ble 1.1) and biology (Table 1.2).
Only recently, it has been highlighted th a t Clausocalanus presents an 
unusual reproductive feature among planktonic copepods, i.e. congeneric 
species have different spawning modes. Saiz and Calbet (1999) reported th a t 
C. lividus releases eggs freely in the water whereas C. arcuicornis carries its 
eggs as was observed in C. furcatus by Mazzocchi and Paffenhofer (1998)
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a C. paululus
b C. pergens
c C. furcatus
f
-
i
d C.jobei 
e C. parapergens 
f  C. arcuicornis
g C. lividus 
h C. mastigophorus
9 h
FEMALES MALES
Figure 1.1. Clausocalanus species females (left) and males (right) occurring 
in the Mediterranean Sea.
and in C. paululus, C. furcatus, C. jobei, C. minor and C. farrani observed 
in fixed samples by Frost (1969).
Clausocalanus also differs from other small calanoids in its particular 
swimming behaviour (Mazzocchi and Paffenhofer, 1999). The motion pa t­
tern of C. furcatus is characterized by continuous and very convoluted small 
loops performed at very high speed (10 body lengths per second on average, 
Mazzocchi and Paffenhofer, 1999). Similar swimming behaviour has been
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also observed in other Clausocalanus species (Mazzocchi and Paffenhofer, 
1999, personal observation).
In synthesis, most Clausocalanus species are very abundant in oceanic 
regions and some of them  are numerically im portant in both eutrophic and 
oligotrophic environments. Clausocalanus species span over a relatively nar­
row size range (0.66-1.90 mm) and many of them  overlap in their biogeo- 
graphical distribution (Frost and Fleminger, 1968)(Table 1.3). Differently 
from other copepod genera, Clausocalanus shows two different reproductive 
traits (broadcast vs. sac spawners) and peculiar swimming behavior. All 
together, these features make Clausocalanus a very interesting target for the 
study of the niche concept in planktonic congeneric species.
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Table i . l .  Studies on Clausocalanus distribution published after the revision 
of Frost and Fleminger (1968) and here grouped by topic, arc C. arcuicornis, 
bre C. brevipes, far C. farrani, fur C. furcatus, job C. jobei, ing C. ingens, 
lat C. laticeps, liv C. lividus, mas C. mastigophorus, min C. minor, par 
C. parapergens, pau C. paululus, per C. pergens.
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Table 1.2. Studies on Clausocalanus biology published after the revision of 
Frost and Fleminger (1968).
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1.2. Aims and approaches
The significance of genus Clausocalanus is not only due to its numerical im­
portance over wide range of trophic conditions in the ocean but also due to the 
presence of unique biological features (see Section 1.1). However, difficulties in 
taxonomic identification and problems in rearing these copepods in laboratory 
conditions (Mazzocchi and Paffenhofer, 1998) have limited the number of studies 
on the ecology and biology of Clausocalanus at the species level.
The abundance and diffusion of Clausocalanus species in the epipelagic domain 
have prompted me to investigate aspects of their ecology and reproductive biology, 
in order to improve our understand of the reasons for their success in various 
marine regions.
This thesis has been focused on eight out of the thirteen described species of 
Clausocalanus, and it has in particular been aimed at; 1) determining the extent 
of the niche separation among congeneric species, and 2) understanding whether 
their reproductive traits might account for their population distribution and suc­
cess. These issues have been addressed through; 1) the study of Clausocalanus 
occurrence in very different marine regions both in the Mediterranean Sea and 
in the Atlantic Ocean, and 2) the acquisition of reproductive parameters in wild 
populations.
The ecological and biological approaches have been developed, respectively, in 
Chapters 2-5 and Chapter 6 of the thesis. Thereafter, in Chapter 7 the quanti­
tative information acquired for both the ecology and reproductive biology of the 
species have been combined to depict an overall scenario where the eight Clauso­
calanus species niches were described and the extent of their niche separation was 
evaluated.
The first approach (Chapters 2-5) towards the niche characterization of Clau-
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socalanus species consisted in depicting their ecological features by investigating 
their occurrence at different temporal and spatial scales.
The seasonal and vertical distributions of Clausocalanus species in epipelagic 
oligotrophic waters were analysed in 2002 at an offshore site (Stn L20) in the open 
Gulf of Naples (Tyrrhenian Sea, Western Mediterranean). That annual cycle was 
compared with the annual cycle conducted at the coastal eutrophic Stn MC that 
is located in the inner Gulf of Naples and is the site of a long-term zooplankton 
time-series since 1984. Such comparison allowed the study of seasonal distribution 
of Clausocalanus species under different trophic conditions (Chapter 2).
The distribution and composition of spring Clausocalanus assemblages were 
investigated during two oceanographic surveys conducted in the Eastern and in 
the Western Mediterranean, respectively in the oligotrophic Ionian Sea (spring 
2002) and in the eutrophic North Balearic Sea (spring 2003). This allowed me 
to compare Clausocalanus assemblages in the open sea in the same season but in 
very different trophic conditions (Chapter 3).
The distribution of Clausocalanus species on a large spatial scale (latitudinal) 
was addressed in the Atlantic Ocean during the Atlantic Meridional Transect 
programme (AMT 15, September-October 2005) (Chapter 4).
The whole data set of Clausocalanus occurrence during the above mentioned 
surveys was analysed in relation to the principal environmental parameters recorded 
in parallel to zooplankton sampling (temperature and autotrophic food availabil­
ity) in order to characterize the realized ecological niches of Clausocalanus species 
(Chapter 5). The environmental and the population niche concept previously 
introduced have been taken into account when approaching the niche characteri­
zation of Clausocalanus species. The species realized niches were determined from 
the observed distributions in relation to environmental gradients and with respect
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to their coexisting congeners.
The second approach (Chapter 6) consisted of the acquisition of data on repro­
ductive parameters in eight Clausocalanus species (C. pergens, C. furcatus, C. jo- 
bei, C. parapergens, C. arcuicornis, C. lividus, C. mastigophorus, and C. ingens) 
through a number of onboard experiments conducted within the same projects 
where the study of Clausocalanus distribution was addressed, in the Mediter­
ranean Sea and in the Atlantic Ocean. Such investigations provided new data on 
field fecundity rates and hatching success. Species reproductive activity has been 
also analyzed in relation to environmental gradients and inter-species comparison 
has been analyzed through weight specific fecundity rates corrected to a single 
temperature.
Data of abundance and fecundity rates have allowed estimations of secondary 
production of some Clausocalanus species in the Mediterranean Sea and in the 
Atlantic Ocean.
Finally, the major results of this thesis have been combined to depict a general 
scenario (Chapter 7) where Clausocalanus niches have been discussed in terms of 
body size and egg-laying modes.
Throughout the thesis, Clausocalanus species are always presented according 
to the mean body size reported by Frost and Fleminger (1968), from the smallest 
(C. paululus) to the largest (C. mastigophorus).
CHAPTER 2
Seasonal and vertical 
distribution in the Gulf of 
Naples (Tyrrhenian Sea)
Clausocalanus has been often reported as an important genus in both coastal 
and offshore zooplanktonic communities, but only a few studies have analysed 
occurrence and abundance at the species level (Table 1.1). Coastal and offshore 
areas differ for many aspects of physical processes and trophic conditions, the 
former being richer in food due to major nutrient supply from different sources 
(upwelling and runoff, mainly). In the Gulf of Naples, both coastal and offshore 
systems can be recognized (Carrada et al, 1980) and eutrophic and oligotrophic 
conditions can be easily compared. The Gulf of Naples is a SW oriented bay with 
an average depth of 170 m over an area of approximately 870 km2 (Figure 2.1); 
the narrow eutrophic coastal system is under the influence of land runoff while 
the offshore system has oligotrophic characteristics typical of the Tyrrhenian Sea 
(Carrada et al., 1980). Strong gradients in nutrient and chlorophyll concentrations 
are generated by land runoff and are recorded only in the littoral area. The 
exchange between coastal and offshore waters is restricted to the very nearshore 
environment due to the characteristic physiography and bottom topography of 
the Gulf (Carrada et al., 1980). The location and width of the boundary between 
the two systems are variable over the seasons (Carrada et al., 1980; Marino et al,
2 Seasonal and vertical d istribu tion  in th e G ulf o f N aples
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1984) and highly dynamic water mass distribution may enhance the exchange 
between them (Casotti et al, 2000).
40 90
Naples
00
Ischia
L2040.70
14 00 14.20
Figure 2.1. Map of the Gulf of Naples with the stations (L20 and MC) 
surveyed during this study.
The study of the seasonal and vertical distribution of Clausocalanus species 
in oligotrophic conditions was conducted at the offshore Stn L20, which is per­
manently influenced by oligotrophic waters and only occasionally by eutrophic 
coastal waters (Carrada et al., 1980). In winter, it is occupied by an homoge­
neous water column of Tyrrhenian Intermediate Water (TIW; 14°C, 38 psu) as a 
result of convective mixing. During spring and summer, this water warms and re­
mains above 50 m depth becoming the Tyrrhenian Surface Water (TSW; 14-26°C, 
38 psu), while the core of TIW remains between 50 and 100 m until late autumn, 
when it is incorporated into the new production of TIW (Carrada et al, 1980).
In the inner part of the Gulf, a long-term time-series is being conducted since 
1984 at Stn MC. This area is characterized by high temporal and spatial variability 
for physical and chemical parameters (Ribera d ’Alcala et al., 1989) while recurrent
2 Seasonal and vertical distribution in the Gulf of Naples
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patterns in the occurrence of several phytoplankton (Zingone and Sarno, 2001), 
ciliate (Modigh, 2001) and zooplankton (Mazzocchi and Ribera d ’Alcala, 1995) 
species have been recorded. The annual sampling cycles conducted in parallel at 
Stn L20 and Stn MC were compared for the analysis of Clausocalanus assemblages 
in two different trophic systems.
Part of this chapter has been published (see Peralba and Mazzocchi, 2004).
2.1. Material and methods
Annual cycle at the offshore Stn L20
Stn L20 is located in the open Gulf of Naples (40°41’N, 14°15’E; >300 m 
depth) (Figure 2.1). Zooplankton sampling was carried out from February 2002 to 
February 2003 at monthly frequency (biweekly when possible), on board the R/V 
Vettoria. Sampling was missed in September 2002.
On each sampling occasion a Seabird CTD equipped with a SCUFA® sub­
mersible fluorometer was deployed to record environmental parameters (temper­
ature, salinity and fluorescence). Water samples were then collected at discrete 
depths by Niskin bottles for Chi a measurements and SCUFA® calibration. Four 
liters of sea water from each Niskin bottle were filtered on board through What­
man G F/F filters and frozen at -80° C for further HPLC (high-performance liquid 
chromatography) analyses. Fluorescence data were linearly fitted with Chi a con­
centrations measured in parallel from Niskin bottles by HPLC. Each fluorescence 
unit (f.u.) corresponded to 0.91 fig Chi a L-1 according to the regression equa­
tion: y = 1.10a; (r2=0.71), after excluding fluorescence profiles recorded on 16 
May 2002 and from 26 August to 11 November 2002 because of technical prob­
lems with the fluorometer. Since it is well known that the chlorophyll:fluorescence
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relationship can be variable depending on phytoplanktonic groups, the calibration 
was intended to give a valid estimate of the chlorophyll concentration.
Zooplankton samples were collected in the morning in the upper 200 m water 
column according to the CTD profiles: above and below the thermocline, around 
the deep chlorophyll maximum (DCM), and in two strata in the homogeneous 
waters (Table 2.1). In case of a mixed water column, the sampling strata were 
standard depths (every 50 m, from 200 m to surface).
Table 2.1. Details on samples collected at Stn L20. Collection time is 
reported in local time that in Italy corresponds to the Coordinated Universal 
Time (UTC) plus 1 hour. The UTC is a high-precision atomic time standard.
Date Time Sampled layers Physical
(UTC+1) (m) structure
14/02/2002 10:10 200-150; 150-100; 100-50; 50-0 Mixed
21/03/2002 10:00 200-150; 150-100; 100-50; 50-0 Mixed
24/04/2002 9:55 200-150 150-100 100-50 50-20 20-0 Stratified
16/05/2002 11:20 200-150 150-100 100-50 50-30 30-0 Stratified
19/06/2002 9:50 200-150 150-100 100-50 50-20 20-0 Stratified
03/07/2002 11:00 200-150 150-100 100-50 50-20 20-0 Stratified
23/07/2002 9:40 200-150 150-100 100-50 50-20 20-0 Stratified
06/08/2002 11:00 200-150 150-100 100-70 70-30 30-0 Stratified
26/08/2002 10:00 200-150 150-110 110-80 80-40 40-0 Stratified
03/10/2002 10:00 200-150 150-100 100-50 50-0 Mixed
15/10/2002 9:20 200-150 150-100 100-50 50-0 Mixed
12/ 11/2002 9:00 200-150 150-100 100-50 50-0 Mixed
05/12/2002 9:20 200-150 150-100 100-50 50-0 Mixed
15/12/2002 10:00 200-150 150-100 100-50 50-0 Mixed
20/01/2003 10:30 200-150 150-100 100-50 50-0 Mixed
20/02/2003 10:00 200-150 150-100 100-50 50-0 Mixed
Vertical hauls were performed in each discrete layer with a double WP-2 clos­
ing net (200 fim and 70 fim. mesh aperture). Once at the surface, the nets were 
carefully rinsed after each tow and the content of the cod ends were immediately 
fixed and preserved in a 4% buffered formaldehyde-seawater solution. The vol-
2 Seasonal and vertical distribution in the Gulf of Naples
(Tyrrhenian Sea) 22
urnes of filtered seawater (V) were calculated taking into account the area of the 
net mouth (A), the difference in winch readings (8L) and the wire angle (a)(V = 
A x ^ L x  cosa, m3). Attention was always paid in maintaining the wire angle 
below 10°. Filtered volumes ranged from 5 to 12.5 m3.
Zooplankton samples were analyzed under a stereoscope for taxonomic iden­
tification and counts. At least 1 /5^ of the entire sample was analyzed taking 
repeated aliquots with a large mouth graduated syringe after accurate mixing 
(modified Stempel pipette method). Clausocalanus adults (females and males) 
were identified to species and sexed according to Frost and Fleminger (1968). Sex 
ratio was calculated as males/females ratio. Copepodid stages were identified at 
genus level (mainly stages III-V were retained by the 200 /xm mesh). All other 
copepods were counted without further identification. Abundances are expressed 
as number of individuals per cubic metre (ind. m-3). Only samples from 200 /xm 
mesh net have been analysed so far and their data are presented here. Selection 
pattern described by a mathematical model (Nichols and Thompson, 1991) showed 
that a mesh size of 75% of the copepod carapace width catches ?«95% of the indi­
viduals of that size present in the water. Since the carapace width of the smallest 
adult Clausocalanus is larger than 150 /xm, it was assumed that the 200 /xm mesh 
net should collect the vast majority of adult Clausocalanus individuals present in 
the seawater.
Qualitative information on Clausocalanus reproductive activity was also ac­
quired during sample counts, i.e. number of adult females with attached spermat- 
ophore(s) and sac remains at the genital pore. The Reproductive Index (RI) was 
calculated as the percentage of females with sac remains and/or spermatophores 
to total counted female. Sac spawners Clausocalanus species dislodge the egg 
mass/sac when are stressed so they are usually lost in fixed samples. Only seldom
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females still had the sac remains with few eggs during the counts. C. lividus and 
C. mastigophorus are broadcast spawning species so their RI was only based on 
attached spermatophores. Middle to higher latitude species of copepods usually 
show seasonality in breeding while copepods living in subtemperate and tropical 
regions are continuous breeders even though there are periods of higher and lower 
breeding intensity (Ianora, 1998). Such breeding activity would be reflected in 
the presence of sexually active males and females. The presence of attached sper­
matophores represents an evidence of sexually active males and sac remains at 
the female’s genital pore of sexually active females. Further information can be 
obtained by examining the degree of maturity of the gonads of both males and 
females, or full spermathecae in the females. Ovarian maturity was attempted to 
be assessed during this study but the collected information was rejected and con­
sidered a too subjective parameter since no information on ovarian development 
is available for Clausocalanus but absence of oocites pigmentation was noticed by 
Cornils et al. (2007) in C. furcatus and C. farrani and dark and opaque females 
were related to parasitized females by Ianora et al. (1990) in C. pergens, C. fur­
catus, C. arcuicornis and C. lividus. Population information regarding copepodid 
and nauplii abundances have been used as well to determine species’ breeding 
seasons in several studies (e.g. Shmeleva and Kovalev, 1974), but despite some 
copepodid stages were collected during this study, they were not identified at 
species level and so were not useful to characterize Clausocalanus breeding sea­
sons at species level. Using only the presence of attached spermatophores and/or 
remains of eggs-sac as a reproductive index is therefore not complete but has been 
considered at least indicative of Clausocalanus species breeding activity in this 
study.
PCA analysis were preformed to correlate species abundance, reproductive
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index and sex ration along the annual cycle integrated in the upper 200 m and at 
discrete depth layers.
Annual cycle at the coastal Stn MC
Stn MC is located 2 miles from the coast, in front of Naples city (40°48.5’N, 
14°13’E; ?«80 m depth) (Figure 2.1). Since January 1984, it is the site of a long­
term study of the pelagic system. Data collected from February 2002 to February 
2003 at weekly or biweekly frequency were utilized for the present study.
CTD and fluorescence profiles were obtained with a SBE911 mounted on a 
Rosette sampler equipped with Niskin bottles (12 1). Total Chi a concentrations 
were determined at selected depths (surface, 2, 5, 10, 20, 40, 60 m) and analyzed 
with a spectrofluorometer. Mesozooplankton samples were collected with vertical 
hauls from 50 m to the surface, using a Nansen net (113 cm mouth diameter, 
200 /xm mesh size). The volume of filtered seawater was 50 m3 for each sample. 
Samples were immediately fixed and preserved in 4% formaldehyde-seawater so­
lution. Specimen identification and counts were performed under the stereoscope. 
Clausocalanus females were identified to species while males and juveniles to genus 
(counts performed by I. di Capua, Laboratory of Bilogical Oceanography, SZN).
The comparison of both sampling series at Stn L20 and Stn MC was based 
on the monthly average for the upper 50 m layer, except in August when the 
integrated 0-70 m (06/08/2002) and the upper 40 m (26/08/2002) at Stn L20 
were used.
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2.2. Results
2.2 .1 . Seasonal d istr ib u tion  a t S tn  L20
Environmental parameters
In the 0-200 m water column from February 2002 to February 2003, the depth- 
averaged values of temperature showed marked seasonality, a typical pattern of 
temperate regions. Temperature was low in February 2002 (14.4°C), it gradually 
increased until it reached the annual maximum in early October (16.3°C) then 
decreased down to the minimum value in February 2003 (14.3°C). Salinity showed 
only slight variations ranging from 38.06 psu in January and February 2003 to 
38.26 psu in early August 2002. Chi a concentrations in the upper 10 m were on 
average 0.11 /jlg Chi a L-1 (±SD  0.06), showing a first peak in winter (February 
2002) and a second lower peak in autumn (mid-October)(Fig. 2.2).
T Chi a S
°C pgL*1 psu
17 0.3 r  38.3
0.2 - - 38.216 -
- 38.115 -
14 -J
2002 2003
Figure 2.2. Depth-averaged values of temperature (T, open circles) and 
salinity (S, asterisks) in the upper 200 m, and chlorophyll concentrations 
(Chi a, black circles) in the upper 10 m at Stn L20 from February 2002 to 
February 2003.
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Claus ocalanus
In the integrated 0-200 m water column, the abundance of Clausocalanus 
averaged 86.3 ind. m-3 (± S D  60.3) and showed a major peak in April (271.9 ind. 
m-3) followed by two lower peaks in June and August (Fig. 2.3a). This genus 
represented on average 25.7% ( ±  7.4) of total copepod abundance. It was by far 
the most important genus in winter when the copepod assemblage was diversified 
(>20 genera) and at its annual minimum, and in early-spring in correspondence 
with the genus peak abundance (Fig. 2.3a).
Adult females (52.5 ±9.4%) and juveniles (39.9 ±3.7%) accounted for most of 
the Clausocalanus abundance, while males represented only 7.6% (±8.1). The 
contribution of adult females and males was higher in winter and summer and 
lower in spring and autumn (Fig. 2.3b).
Four species represented all together 89.4% of the adult Clausocalanus abun­
dance: C. paululus (34.8%), C. furcatus (27.7%), C. arcuicornis (19.4%), and 
C. pergens (7.5%). They were followed by C. parapergens (4.1%), C. lividus 
(2.9%), C. jobei (2.6%), and C. mastigophorus (1.0%). C. paululus prevailed in 
winter, C. arcuicornis in spring, C. furcatus in autumn and C. pergens contributed 
more in early-summer (Fig. 2.3c).
In most populations, a temporal succession was observed among peaks in sex 
ratio (M:F), reproductive index (RI) and adult abundance (Fig. 2.4). C. paululus 
adults peaked in winter (43.6 ind. m-3 , February 2002), when other Clausocala­
nus species were nearly absent. The population decreased after April, recovered 
in early-summer, then decreased gradually until October to increase again in 
late-autumn and winter (Fig. 2.4a). The highest sex ratio (0.3) occurred in corre­
spondence with adult abundance peak in February 2002 but remained low along 
the annual cycle. RI occurred in correspondance with adult abundance pattern
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Figure 2.3. Clausocalanus occurrence at Stn L20 in the 0-200 m water col­
umn. Total Clausocalanus abundance (continuous line) and percentage con­
tribution to total copepod abundance (dashed line)(a). Clausocalanus popu­
lation composition (b). Percentage contribution of Clausocalanus species to 
total adult (females and males) abundance of the genus (c).
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from March to August (Fig. 2.4a). PCA analysis revealed strong seasonal cor­
relation among adult abundance and reproductive index and weaker but positive 
correlation with sex ratio.
C. pergens adults had successive peaks in February, April, June (max. 16.8 ind. 
m-3) and July alternated with low abundances, and very scarce presence during 
the rest of the annual cycle. Sex ratio was highest in March (0.4), July (0.6) 
and October (0.5), without correspondence with RI except in October (Fig. 2.4b). 
PCA analysis confirmed lack of correlation between the variables which were al­
ternated in time.
C. furcatus adults were nearly absent in winter and spring but showed an acute 
peak in August and high abundances through October (max. in early-August, 
85.8 ind. m-3). Sex ratio was high during the phase preceeding the annual 
peak (0.2-0.5) but also in winter at low adult abundance. RI was generally low, 
with small increase in correspondence with increasing sex ratio, independently 
of adult abundance. The highest RI was observed in March (Fig. 2.4c). PCA 
analysis confirmed seasonal correlation among sex ratio and reproductive index 
which were negatively correlated with population abundances.
C. jobei adults showed low abundances with a peak in April (5.5 ind. m~3) 
then gradually decreased. Sex ratio peaked in March (0.2). RI was low dur­
ing most of the year, with two major peaks in March (before the annual peak 
of adult abundance) and in August (in correspondence with very low abun­
dance) (Fig. 2.4d). PCA analysis revealed seasonal correlation among sex ratio 
and reproductive index which were no correlated with population abundances.
C. parapergens adults showed abundance values and patterns similar to C. jo­
bei. Sex ratio showed peak values (0.5-0.7) in periods of low adult numbers 
while the RI was in phase with the abundance pattern from March to August
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(Fig. 2.4e). PCA analysis revealed seasonal correlation among the reproductive 
index and population abundance but these were not correlated with sex ratio.
C. arcuicornis adults showed seasonal patterns very similar to those displayed 
by C. jobei and C. parapergens adults but with much higher numbers. Adults 
reached a peak in April (47.2 ind. m~3) then decreased rapidly and occurred 
in low abundance throughout the year. High sex ratios were recorded in April 
(0.5), July (0.7) and October (0.3). RI was quite high (>20%) during most of the 
year, with three peaks in correspodence with peaks in sex ratio (Fig. 2.4f). PCA 
analysis revealed seasonal correlation among these three variables.
C. lividus was mainly present from winter to spring, when it reached the 
highest abundance in March-April (5 ind. m-3). The highest sex ratio in Febru­
ary preceded the annual peak of adult abundance; in that sampling occasion, 
males were 3.7 times more abundant than females and their number was also 
high in April (1.2). Very high sex ratio was also recorded in November (3.5) in 
correspondence with minimum adult abundance. RI was high only in April, in 
correspondence with peaks of abundance and sex ratio (Fig. 2.4g). PCA analysis 
revealed negative seasonal correlation among population abundance and sex ratio 
and no correlation of none of these variable with the reproductive index.
C. mastigophorus, the least abundant species of the genus, occurred in negli­
gible numbers during the whole year. Sex ratio was high only in March and July, 
when males were slightly more abundant than females (1.3), the peak in July over­
lapped with peak of RI (Fig. 2.4h). PCA analysis revealed seasonal correlation 
among sex ratio and reproductive index but these were negatively correlated with 
population abundance.
In synthesis, all eight Clausocalanus species were always present at Stn L20 
during the annual cycle (except C. mastigophorus in February 2002). The three
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Figure 2.4. Annual cycle of Clausocalanus species adult abundance (open 
circles), sex ratio (M:F)(black circles) and reproductive index (RI)(dashed 
line) in the upper 200 m at Stn L20. Note different scales among species.
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most abundant species, C. paululus, C. furcatus and C. arcuicornis, showed suc­
cessive seasonal peaks, C. paululus in winter, C. arcuicornis in spring and C. fur­
catus in summer. During the rest of the year, the three species occurred in low 
abundance. The much less abundant species C. pergens, C. jobei, C. parapergens, 
and C. lividus occurred mainly in spring-early summer. Only C. mastigophorus 
always occurred in negligible numbers and a seasonal cycle could not be discerned.
Sex ratio (males/females) was always lower than 1 (maximum 0.7 in C. ar- 
cuicomis and C. parapergens) in sac spawners and occasionally higher than 1 
(more males than females) only in broadcast species (maximum 3.7 in C. lividus 
and 1.3 in C. mastigophorus). Despite C. lividus and C. jobei had similar mean 
adult abundance, C. lividus showed nine fold higher sex ratio (Table 2.2).
The reproductive index remained high throughout the annual cycle in C. paul­
ulus and C. arcuicornis, while it was much lower and variable in the other species 
(Table 2.3). C. paululus had the highest percentage of females carrying spermato­
phores, while C. arcuicornis had by far the highest percentage of females carrying 
sac remains. All species, except C. mastigophorus, were frequently observed car­
rying more than one spermatophore (Table 2.4).
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Table 2.2. Clausocalanus gender abundances (ind. m-3) and males/females 
sex-ratio (M:F). Annual mean, SD and range in the 0-200 m water column at 
Stn L20 from February 2002 to February 2003.
Species Mean (±SD) Range
C. paululus F 15.3 (10.5) 0.6-36.6
M 1.1 (2.3) 0.0-9.2
M:F 0.1 (0.1) 0.0-0.3
C. pergens F 3.5 (4.2) 0.4-14.9
M o 00 (0.9) 0.0-2.6
M:F 0.2 (0.2) 0.0-0.6
C. furcatus F 12.7 (20.1) 0.1-77.3
M 2.3 (4.0) 0.0-8.4
M:F 0.3 (0.2) 0.1-0.6
C. jobei F 1.1 (1.2) 0.1-4.7
M 0.1 (0.1) 0.0-0.3
M:F 0.1 (0.1) 0.0-0.2
C. parapergens F 1.6 (1.4) 0.3-5.5
M 0.3 (0.4) 0.0-1.2
M:F 0.3 (0.3) 0.0-0.7
C. arcuicornis F 6.9 (7.9) 1.2-31.9
M 1.9 (3.7) 0.0-15.3
M:F 0.2 (0.2) 0.0-0.7
C. lividus F 0.7 (1.0) 0.0-3.7
M 0.5 (0.8) 0.0-3.0
M:F 0.9 (1.2) 0.0-3.7
C. mastigophorus F 0.3 (0.3) 0.0-1.0
M 0.1 (0.1) 0.0-0.3
M:F 0.4 (0.4) 0.0-1.3
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2.2 .2 . V ertical d istr ib u tion  at S tn  L20  
Environmental parameters
The water column was well mixed in winter 2002. Water temperature in 
February 2002 ranged from 14.0°C at 200 m to 14.5°C at the surface while salinity 
was nearconstant in the upper 150 m (around 38 psu) and increased by 0.4 psu 
below this depth (Fig. 2.5a). The thermocline started to develop in late March in 
the upper 20 m. Temperature above the thermocline increased rapidly, reaching 
maximum values (25.3°C) in late July and early August in the upper 20 m and 
the thermocline was established in April. In autumn, the thermocline slowly 
deepened throughout the season, reaching 70 m in early December. In winter 
2003, the water column was again completely mixed.
Salinity profiles showed maximum values at depth (38.0-38.6 psu at 150-200 m) 
and lowest values above the thermocline (37.7-38.1 psu)(Fig. 2.5a).
Fluorescence profiles and Chi a measurements indicated higher autotrophic 
biomass in the upper 200 m in February 2002 (0.25 fig Chi a L-1). A deep 
chlorophyll maximum (DCM) was present between 50 and 110 m from March to 
October. It deepened from March to June, remained at depth during July (0.2 fig 
Chi a L-1 at 80 m) and early August, then it rised until early-October (0.1 fig 
Chi a L- 1 at 70 m)(Fig. 2.5b).
Clausocalanus
Vertical distribution of Clausocalanus assemblage showed that copepodids 
were concentrated in the upper 50 m during most of the year, except in early 
summer, when they were concentrated deeper, in the DCM layer (Fig. 2.6a). 
Adults had similar patterns of vertical distribution as copepodids, but with a 
general tendency to occupy also the deepest layers (Fig. 2.6b, c). Males occurred
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Figure 2.5. Vertical profiles along the water column at Stn L20: (a) temper­
ature (simple line) and salinity (discontinuous line), (b) fluorescence (simple 
line) and Chi a concentrations (open circles).
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deeper than females in winter (Fig. 2.6 c).
a) Clausocalanus juveniles
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F igure  2.6. Vertical distribution of Clausocalanus copepodids (a) and fe­
males (b) and males (c) at Stn L20. The relative contribution (%) to total 
abundance in the water column is shown for each depth layer.
At the species level, C. paululus, C. pergens, C. jobei, C. parapergens and 
C. arcuicornis avoided the upper 25-50 m layer from June to mid-October (Fig. 2.7). 
C. paululus (Fig. 2.7a) and C. pergens (Fig. 2.7b) were uniformly distributed in the 
water column in winter, concentrated in the upper 100 m in spring, and occurred 
below 50 m depth from June to mid-October. Afterwards, they spread again uni­
formly throughout the water column. Males of these species were recorded deeper 
than females in winter and on some occasions in summer. C. paululus females car­
rying full spermatophores occurred in the whole water column during the whole 
annual cycle, independently of male relative percentages (Fig. 2.8a). In contrast, 
in C. pergens only a few females mainly located in the 100-150 m layer carried 
spermatophores (Fig. 2.8b)
C. jobei (Fig. 2.7d), C. parapergens (Fig. 2.7e) and C. arcuicornis (Fig. 2.7f),
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Figure 2.7. Stn L20. Gender vertical distribution of Clausocalanus species 
in the epipelagic water column from February 2002 to February 2003. The 
relative contributions (%) to total abundance of females (black) and males 
(grey) in the water column, respectively, are shown for each depth layer.
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showed similar vertical distributions. They were present in the whole water col­
umn in winter but they rose to the upper 100 m layer in early-spring. In April, 
C. jobei and C. arcuicornis were concentrated in the upper 20 m layer, while 
C. parapergens was uniformly distributed in the upper 100 m. In summer all 
three species were concentrated below 50 m (Fig. 2.5b) until mid-autumn. In 
autumn their populations rose again to the upper layer. C. arcuicornis females 
carrying spermatophores were observed through the whole water column in winter 
and spring, while in summer they occurred above and below the layer where the 
population was concentrated (Fig. 2.8f).
Unlike the above mentioned species, C. furcatus was almost exclusively con­
fined to the upper 50 m (Fig. 2.7c) during the whole annual cycle, except in late
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July when it was present down to 100 m. Both females and males had the same 
depth occurrence. A few females carrying spermatophores were only observed 
below 50 m in March and July (Fig. 2.8c).
C. lividus showed a variable vertical distribution (Fig. 2.7g). It occurred in 
the upper layer from winter to spring, and in deeper layers in summer (Fig. 2.5b). 
In March, females carrying spermatophores were recorded in the 50-100 m layer 
despite the bulk of the population occurred in the upper 50 m (Fig. 2.8g). C. mas- 
tigophorus was recorded in the upper layer during most of the year (Fig. 2.7h). 
It descended to the 50-150 m layer only in summer (June-July) but in August it 
started to rise again to the upper layer. Females carrying spermatophores were 
only observed in June (Fig. 2.8h).
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Figure 2.8. Stn L20. Vertical distribution of parameters indicating repro­
ductive activity in Clausocalanus species in the epipelagic water column. At 
each sampling date, the following parameters are shown: contribution (%) of 
males to total adult abundance (left; continuous line) and contribution (%) 
of females carrying spermatophores to total female abundance (right; white 
histograms represent females carrying empty spermatophores while black his­
tograms represent females carrying filled spermatophores).
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Figure 2.8 (Continued)
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2.2 .3 . O ffshore /  coasta l com parison
The seasonal distribution of Clausocalanus females at the species level in the 
upper 50 m of the water column at Stn L20 during February 2002-February 2003 
was compared with that observed at the coastal Stn MC during the same period.
The annual patterns of temperature were very similar at the two sites, with 
only slightly faster increase in temperature in spring and slower decrease in winter 
in coastal waters, where the summer peak was steeper than offshore (Fig. 2.9a).
Salinity was slightly higher at Stn L20 than at Stn MC but it displayed similar 
patterns at both stations with much higher values in winter 2002 than in winter 
2003(Fig. 2.9b).
The two sites differed in concentration of autotrophic biomass (Fig. 2.9c). 
Chi a concentration in the upper 10 m was from 1.1 times (February ’03) to 13.3 
times (March) higher at Stn MC than at Stn L20. In coastal waters, Chi a showed 
two similar peaks (1.46 /ag Chi a L-1) in spring and autumn. During summer, 
the lowest concentrations were recorded at both sites, with the minimum value 
recorded in August (0.03 /ig Chi a L_1).
The comparison of the Clausocalanus annual cycle in offshore and coastal 
waters in the Gulf of Naples is represented in Fig. 2.10 and highlights the following 
characteristics:
• very similar abundances in January-March;
• offshore peak in April that was absent in coastal waters;
• slightly higher abundances in coastal waters in May-July and quite higher 
abundances offshore in August-December.
Clausocalanus relative contribution to the total copepod assemblage was higher 
at the offshore station especially from February 2002 through April (Fig. 2.10b).
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Figure 2.9. Environmental parameters in the 0-50 m depth layer at the 
offshore Stn L20 (continuous line) and at the coastal Stn MC (dotted line) 
during February 2002-February 2003. Monthly averages. Stn L20 was not 
sampled in September.
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Figure 2.10. Clausocalanus adults and copepodids abundance (a) and rel­
ative contribution to total copepod assemblage (b) in the upper 50 m at the 
offshore Stn L20 (continuous line) and at the coastal Stn MC (dotted line).
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Figure 2.11. Population structure of the genus Clausocalanus in the upper
0-50 m at Stn L20 (a) and at Stn MC (b) in February 2002-February 2003.
Sampling was missed in September at Stn L20.
In terms of population structure, copepodids contributed to total Clauso­
calanus abundance more in coastal than in offshore waters (51.7 ±16.7% and 
42.1 ±  17.2%, respectively)(Fig. 2.11). At Stn MC, their contribution followed sea­
sonal variations and was highest in winter and spring. Males represented 10.6% 
( ± 6.8) of adult abundances over the annual cycle at Stn MC and 6.9% (±4.7) 
at Stn L20.
Three species dominated in both offshore and coastal waters: C. furcatus, 
C. paululus and C. arcuicornis (Table 2.5)(Fig. 2.12). In winter, the water col­
umn was dominated by C. paululus at both sites. C. arcuicornis increased its
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Table 2.5. Mean specific contribution (% ±SD) of adult females in the 
0-50 m at Stn L20 and Stn MC in the period February 2002-February 2003. 
September was not included because of missed sampling at Stn L20.
Species Stn L20 Stn MC
(0-50 m) (F2002-F03)
c. paululus 29.3 (± 28 .5 ) 30.4 ±23.1)
a pergens 3.0 (±3.6) 2.1 ± 1 .4 )
a furcatus 31.9 (± 40 .7 ) 31.5 ±32.4)
a jobei 3.2 (± 3 .2 ) 2.0 ± 2 .5 )
c. parapergens 2.6 ( ± 2.2) 0.2 ± 0 .3 )
a arcuicornis 25.0 ( ±21.9) 27.7 ± 20.0)
a lividus 3.8 (± 4 .5 ) 4.4 ± 5 .7 )
a mastigophorus 1.2 (± 1 .4 ) 1.4 ± 1.1)
contribution from winter to spring, with higher contribution in May at both sites. 
C. furcatus dominated in summer; it contributed earlier and with higher per­
centage offshore but it lasted longer until winter in coastal water. Among the 
less abundant species, C. pergens showed higher contribution at the offshore sta­
tion. C. lividus contribution was, on the average, very similar at both sites and 
more important in spring and winter. C. jobei and C. parapergens highest rela­
tive contributions were observed in spring and autumn-winter at both stations. 
C. mastigophorus showed a higher contribution in late autumn-winter at both 
sites.
At both sites, C. paululus occurred in higher abundance from winter to early 
spring but it was more abundant offshore (Fig. 2.13a). C. pergens had a high peak 
in April only at the offshore station, occurring in very low abundance during the 
rest of the year and during the whole cycle at Stn MC (Fig. 2.13b). C. furcatus 
had overlapping seasonal patterns at both stations, but it was more abundant 
at Stn L20 where the highest summer peak occurred one month earlier than at 
Stn MC (Fig. 2.13c). C. jobei (Fig. 2.13d) and C. arcuicornis (Fig. 2.13f), despite
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Figure 2.12. Relative contribution of Clausocalanus species (adult females) 
to total Clausocalanus females in the upper 0-50 m at the offshore Stn L20 
(a) and at the coastal Stn MC (b) from February 2002 to February 2003. 
Sampling was missed in September at Stn L20.
the fact that the latter outnumbered the former, had very similar seasonal pat­
terns and the spring peak was much higher offshore than at the coastal station. 
C. parapergens displayed three peaks in April, November and January at Stn L20 
while at Stn MC its presence was negligible (Fig. 2.13e). C. lividus showed similar 
seasonal cycles at both stations; at Stn L20, the spring peak was higher and wider 
while the secondary peak occurred earlier but lower than at Stn MC (Fig. 2.13g). 
C. mastigophorus was similarly scarce at both stations, with slightly higher abun­
dances offshore only on a few occasions (Fig. 2.13h).
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Figure 2.13. Seasonal distribution of Clausocalanus adult females in the 
0-50 m layer at Stn L20 and Stn MC from February 2002 to February 2003.
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2.3. Discussion
The present chapter provides a comprehensive picture of the vertical distri­
bution of eight Clausocalanus species during an annual cycle in the upper 200 m 
water column at an offshore site (Stn L20) characterized by oligotrophic condi­
tions. The patterns of species occurrence and abundance were complemented with 
data on sex ratio and reproductive index to provide some preliminary information 
on periods and depth layers where species reproductive activity occurs. The com­
parison of the same annual cycle in the upper 50 m layer at Stn L20 and at the 
coastal Stn MC, both in the Gulf of Naples, contributed to a better understanding 
of the offshore-oligotrophic/coastal-eutrophic generic and specific preferences.
In the year February 2002-February 2003, the two study sites were charac­
terized by the same patterns of temperature and salinity. The former followed 
the typical cycle of temperate Mediterranean regions, while the latter showed 
an unusual rapid decrease in full summer due to intense rainfall, infrequent in 
this season in the area. The sites differed remarkably in the concentrations of 
autotrophic biomass, which confirmed the permanent oligotrophic conditions of 
Stn L20, where Chi a concentrations were up to thirteen times lower than those 
in coastal waters. At Stn L20 by late spring, a deep chlorophyll maximum (DCM) 
was established at the base of the thermocline (75-80 m), a typical feature in 
both the western and eastern Mediterranean basins (Longhurst, 2006), where it 
generally deepens through mid-summer (Estrada et al., 1993). However, in the 
upper 50 m layer, Chi a concentrations were always low, as also recorded during 
another recent annual cycle (Di Capua and Mazzocchi, 2004), and did not show 
the notable spring and autumn peaks observed at the coastal station. At Stn MC, 
three different phytoplankton growth phases occur at the surface during the sea­
sonal cycle: the winter and autumn blooms, which are very likely related to large
2 Seasonal and vertical distribution in the Gulf of Naples
(Tyrrhenian Sea) 52
scale meteorological factors, and the late spring-summer blooms which are a local 
phenomenon driven by lateral advection of nutrients and biomass from coastward 
sites (Ribera d’Alcala et al., 2004).
At both stations, Clausocalanus represented an important numerical compo­
nent of the copepod communities throughout the year. On an annual basis, the 
genus was more important offshore, both in terms of abundance (particularly 
for the high peak in April) and relative contribution to total copepod assem­
blages. The contribution was high at both sites in winter, the season of minimum 
zooplankton abundance and lowest autotrophic biomass (Ribera d’Alcala et al., 
2004). Moreover in April, it seems that the genus did not take advantage over 
other copepods in coastal waters where a chlorophyll peak was recorded, while it 
increased its contribution offshore in very oligotrophic conditions. It seems there­
fore that even poor autotrophic biomass can be sufficient to sustain Clausocalanus 
populations, suggesting that their feeding habits are not strictly based on au­
totrophic resources. Most calanoids have actually been shown to be omnivorous, 
but Clausocalanus seems to be more adapted to low phytoplankton concentra­
tions. Different aspects related to feeding in Clausocalanus have been investigated 
so far in a limited number of studies (see Table 1.2). Differently from all other 
small calanoids, C. furcatus moves continuously and rapidly, exploring small areas 
in close succession; it does not create a feeding current and captures the food par­
ticles after direct interception (Mazzocchi and Paffenhofer, 1999). All species of 
the genus show similar swimming behaviour and, likely, the same mode of catch­
ing food. According to Uttieri et al. (in press), C. furcatus apparently collects 
particle food almost like a passive sieve since only perceives those prey located in 
the close vicinity of its rostrum. Nevertheless, these authors observed that this 
species handles and occasional rejects the intercepted cells what seem to indicate
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a selection likely by the second antennae and mouthparts due to palatable versus 
unpalatable prey. Numerous apical-pore setae that C. furcatus bears on its sec­
ond antennae (Uttieri, 2006) indicates that this copepod perceives, rather than 
mechanical, chemical compounds of phytoplankton cells during the movement of 
its cephalic appendages (Uttieri et al., in press). As a consequence, Clausoca­
lanus could feed on a wide range of food resources and, owing to its swimming 
behaviour, be adapted to exploit small patches of food items, as recently hypothe­
sized by Uttieri (2006). The presence of oil sacs in Clausocalanus females observed 
at Stn L20 in winter might represent stored reserves and contribute to overcome 
periods of very scarce food resources.
On an annual basis, the structure of Clausocalanus assemblages was striking 
similar at Stn L20 and Stn MC; all species contributed in a similar way at the two 
sites and only the less abundant species (C. pergens, C. jobei, C. parapergens, and 
C. mastigophorus) ranked in a slightly different order. This suggests that over an 
annual cycle on a local scale (the Gulf of Naples), no spatial partitioning could be 
discerned among Clausocalanus species between offshore /  coastal conditions, at 
least in the upper 50 m layer and in the year under consideration. Adults were rel­
atively more abundant offshore, while copepodids were relatively more abundant 
in coastal waters. This difference could result from two alternative or concurrent 
reasons. In coastal areas, a more intense reproductive activity (more juveniles) 
is expected to occur because of more food availability, but also adult mortality 
does likely increase because of selective predation (adults larger than juveniles) by 
more abundant pelagic carnivores. Neither of the two hypotheses can be tested 
with zooplankton data available so far in the Gulf of Naples, but unpublished 
data have shown that predation by chaetognaths on copepods at Stn MC can be 
considered negligible on Clausocalanus populations (P. Simonelli and M.G. Maz-
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zocchi, personal communication). The annual distribution of C. arcuicornis and 
C. paululus copepodid stages was observed by Shmeleva and Kovalev (1974) in the 
Adriatic Sea. Copepodid stages represented 55-90% of C. arcuicornis population, 
and 60-80% of C. paululus population.
All Clausocalanus species showed strong seasonal signals in their occurrence, 
with very similar patterns at Stn L20 and Stn MC, as should be expected. Only 
C. pergens and C. parapergens did not show any seasonal cycle at Stn MC in the 
study year because of their negligible numbers. Mazzocchi and Ribera d’Alcala 
(1995) observed recurrent patterns in the seasonal cycles of C. paululus, C. per­
gens, C. arcuicornis, and C. furcatus, with a clear seasonal succession of their 
peaks from winter to autumn, a succession that can be discerned also in the 
datasets analysed in the present study and seems to be therefore characteris­
tic of these populations in the area. C. pergens, which was among the most 
abundant species in the first years of the time-series at Stn MC (Mazzocchi and 
Ribera d’Alcala, 1995), was among the less abundant species in the annual cycle 
here analysed at the Stn MC where its seasonal pattern could not be discerned. 
Apparently, this species has notably reduced its occurrence at Stn MC as already 
noticed by Mazzocchi and Ribera d’Alcala (1995).
The medium sized C. arcuicornis, C. parapergens, and C. jobei had the same 
period of highest abundance (spring), but C. arcuicornis was by far the dom­
inant species. Studies conducted on the horizontal distribution of copepods in 
the Mediterranean Sea noted different abundances of these Clausocalanus species 
depending on the study areas Hure and Scotto di Carlo (1970); Regner (1976); 
Pancucci-Papadopoulou et al. (1992); Fragopoulu et al (2001). This suggests that 
the three species probably have different horizontal distributions at the sub basin 
scale. C. mastigophorus and C. lividus, the largest Clausocalanus species present
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in the Mediterranean Sea, were very scarce in the Gulf of Naples, and reached 
peak abundances in spring in the upper layer. Their occurrence in the upper layer 
during their peak of abundance might prevent egg loss by sinking and ensure egg 
hatching in the upper photic zone where nauplii can find more food.
In the North Atlantic, Williams and Wallace (1975) reported differences in the 
seasonal cycles and in the relative abundance of some Clausocalanus species. The 
total abundance of all species of Clausocalanus was mostly represented by C. per­
gens, C. lividus, and C. arcuicornis (80.4%). In the Gulf of Naples, C. lividus 
never occurred in high numbers, whereas C. paululus was among the most abun­
dant species. Williams and Wallace (1975) did not record C. paululus in the North 
Atlantic (north of 40°N), and this could be due two different causes: the mesh 
size used for the CPR was too large (300 /im) to catch the smallest Clausocalanus 
species, or C. paululus latitudinal distribution was more restricted than the sur­
veyed region. Frost and Fleminger (1968) described the distribution of C. paululus 
as apparently subtropical, but no data were available at that time for the North 
Atlantic, where its presence has been reported only recently by Schnack-Schiel and 
Mizdalski (2002). C. mastigophorus was the rarest species of the genus (Williams 
and Wallace, 1975) while, Fragopoulu et al. (2001) found that C. mastigopho­
rus was the fifth most abundant species of the genus and C. lividus the rarest 
in the Eastern Mediterranean. These observations suggest different latitudinal 
gradients of abundance for the two species, although this does not appear from 
the qualitative maps of distribution drawn by Frost and Fleminger (1968). The 
seasonal cycles of Clausocalanus species observed by Williams and Wallace (1975) 
were very similar to these observed at Stn L20. C. furcatus was recorded only 
in the western Atlantic around 43°N (the southern surveyed area) occurring in 
low abundances and peaking in September and November (Williams and Wallace,
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1975). C. furcatus, the most abundant Clausocalanus species at Stn L20, was con­
centrated in summer-autumn, when phytoplankton concentrations are low even in 
coastal waters (Mazzocchi and Ribera d’Alcala, 1995; Ribera d’Alcala et al., 2004). 
It was important also in extremely oligotrophic waters such as the open Eastern 
Mediterranean (Siokou-Frangou et al., 1997), suggesting that the metabolic needs 
of this species are satisfied even at low levels of autotrophic biomass, as shown by 
feeding experiments in the laboratory (Mazzocchi and Paffenhofer, 1998) and in 
the field (Paffenhofer et al., 2006).
Adult Clausocalanus species showed some differences in their vertical distribu­
tion at Stn L20. In April, when the thermocline was not yet completely stabilized 
and the DCM occurred at 60 m, six Clausocalanus species were concentrated in 
the upper 0-20 m layer and only C. paululus and C. parapergens were localized 
deeper (20-50 m). From July to October, C. furcatus dominated the upper nar­
row mixed layer where water temperature exceeds 20° C. Meanwhile the rest of the 
Clausocalanus species had the core of their populations at the DCM. In autumn, 
when the mixed layer deepened and also the DCM occurred deeper, the Clausoca­
lanus populations were found in the upper layer. In winter, in a thoroughly mixed 
water column, the distribution of the species did not show preferential depths. It 
seems that seasonal changes in the structure of the water column create environ­
mental conditions sufficiently diversified (in physical properties) to permit species 
coexistence.
Over a larger vertical scale in Tyrrhenian waters (0-3000 m), Clausocalanus 
species showed different depth ranges of occurrence; C. furcatus was more re­
stricted to the upper layer (0-100 m) and C. lividus (0-3000 m) and C. masti­
gophorus (0-2000 m) the most widely distributed (Scotto di Carlo et al., 1984). 
C. furcatus is a warm-water species and its distribution is typically superficial,
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above the thermocline both in the Mediterranean (Fragopoulu and Lykakis, 1990) 
and in the Sargasso Sea (Paffenhofer and Mazzocchi, 2003). The vertical distri­
bution of C. paululus and C. arcuicornis observed at Stn L20 was similar to that 
observed by Shmeleva and Kovalev (1974) in the Adriatic Sea. Both Fragopoulu 
and Lykakis (1990) in the Patraikos Gulf (Greece) and Paffenhofer and Mazzocchi 
(2003) in the Sargasso Sea observed different responses to the development of the 
thermocline between C. furcatus and C. pergens. C. furcatus remained above the 
thermocline while C. pergens remained below.
The vertical distribution of the Clausocalanus population structure observed at 
the offshore station during the annual cycle did not reveal any apparent ontogenic 
migration in the epipelagic zone. Copepodids were always more concentrated 
in the upper layer, which they seemed to avoid only in June-July. However, 
some weak ontogenetic vertical migrations could have been masked by the missed 
identification of copepodites at the species level. Controversial evidence is reported 
in the literature regarding diel vertical migration in Clausocalanus genus and 
species (e.g. Timonin, 1977; Checkley et al., 1992; Zunini Sertorio and Licandro, 
1994; Vega-Perez et al, 1999; Lo et al, 2004). Not all species seem to undergo 
vertical migration, and in those in which it has been observed, migration patterns 
are not strong.
All Clausocalanus species were always present in the water column at Stn L20 
all year round (the only exception was the absence of C. mastigophorus in Febru­
ary 2002), indicating continuous reproduction sufficient to sustain the persistence 
of populations even at low numbers.
Gender distribution was strongly skewed to females in all Clausocalanus species, 
but in C. lividus and C. mastigophorus, predominance of males was observed in 
some occasions. The low abundance of Clausocalanus males observed at Stn L20 is
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in accordance with the observations of Gaudy (1972, C. furcatus and C. arcuicor­
nis) for the Gulf of Marseille, of Shmeleva and Kovalev (1974, C. arcuicornis 
and C. paululus) in the Adriatic Sea, and Kouwenberg (1993, genus Clausocala­
nus) in the north-western Mediterranean. Predominance of females over males 
occurs in those copepod species that have seminal receptacles where sperm can 
be stored for various successive spawnings (Ohtsuka and Huys, 2001). In these 
species, males have reduced or lost feeding abilities, high energetic expenditure 
because of fast swimming behavior (enhancing encounter rates with mates but 
also predators) and therefore their life is much shorter than that of females (Ki0r- 
boe, 2006). Highest sex ratios were observed in the broadcast spawners C. lividus 
and C. mastigophorus and could be biased by the very low adult abundance, or be 
a specific reproductive trait of these spawning mode. Broadcast spawners could 
need higher percentage of fertilized females, with respect to the sac-spawning 
congeneric species to ensure their population maintenance since free eggs have 
higher mortality. In sac-spawner species, sex ratio, reproductive index and adult 
abundance were correlated in most of the species. In any case, and although in 
low numbers, the presence of Clausocalanus males was sufficient to sustain the 
populations throughout the year.
Clausocalanus reproductive index estimated on females carrying at least one 
spermatophore or egg sac remains differed among species. C. arcuicornis and 
C. paululus showed by far the highest RI, while those of the remaining species 
were tenfold times lower. The RI of C. furcatus at Stn L20 was similar to those 
reported by Webber and Roff (1995) for the Caribbean Sea (mean RI: 0.8, range 
0-9%), low in relation to other egg-carrying calanoids. The authors attributed 
the low observed RI to the easy dislodging of the egg mass in this species. At 
Stn L20, even the small C. paululus, which showed very few females with sac
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remains had much higher percentage of females with attached spermatophore(s) 
than C. furcatus. But when looking at spermatophore size (two different sper- 
matophore sizes are present in the genus; Frost and Fleminger, 1968) it can be 
noted that C. paululus, C. arcuicornis and C. jobei have large spermatophores 
while the other species have short ones. Large spermatophores would take more 
time in pouring their contents to the seminal receptacle enhancing the probabil­
ity of observing females with attached spermatophores. In fact, different pouring 
phases were observed in large spermatophores while most of the observed short 
spermatophores were empty. Multiple spermatophore attachment was frequently 
observed in most of the Clausocalanus species occurring at Stn L20 and also in 
C. paululus in different Mediterranean environments (M.G. Mazzocchi, personal 
communication). Clausocalanus present seminal receptacles and males are few and 
have reduced feeding appendages (Frost and Fleminger, 1968), features suggesting 
that remating is not necessary in Clausocalanus species. On the contrary, multiple 
spermatophores observed at high frequency indicate undoubtedly multiple mating 
events.
Peaks of RI in Clausocalanus coincided with peaks of sex ratio, both seasonally 
and vertically, especially during adult peak abundances. Gaudy (1972), based on 
weekly or biweekly sampling in the Gulf of Marseille, assessed the number of 
generations of C. arcuicornis and C. furcatus from adult abundances. In the 
Gulf of Marseille, C. arcuicornis and C. furcatus had five generations: the first 
in January-March, the second in April-May (C. arcuicornis in April, C. furcatus 
in May), the third in July-August (sometimes until September), the fourth in 
late September-October (C. furcatus in September, C. arcuicornis in October), 
and the fifth in November-December. On the other hand, Shmeleva and Kovalev 
(1974) observed only three clear generations in C. arcuicornis in the Adriatic Sea
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(in winter, spring and summer), but five generations of variable duration over the 
year in C. paululus, the longest one from November to mid-March. The monthly 
sampling frequency of the present study and the lack of copepodid identification 
at the species level did not allow the assessment of the number of generations of 
Clausocalanus species in the open Gulf of Naples. However, the distribution of 
sex ratio and reproductive index show clearly that C. paululus and C. arcuicornis 
reproduce throughout the annual cycle as observed in the Adriatic Sea (Shmeleva 
and Kovalev, 1974). In all the other species, higher reproductive activity can be 
noticed in at least 3-5 periods along the annual cycle.
In summary, the small species C. paululus was more abundant and its peak 
in abundance occurred earlier than that of the similar in size C. pergens. The 
medium sized species C. arcuicornis, C. parapergens, and C. jobei had similar 
seasonal cycles, but the peak in abundance of C. parapergens occurred deeper in 
the water column. C. arcuicornis and C. jobei were concentrated in the upper 
layer during their peaks, with the former outnumbering the latter. C. furcatus 
differed from the other species by showing a narrow and quite restricted period 
and depth of occurrence. The large C. mastigophorus and C. lividus overlapped in 
seasonal and vertical distribution, but both species occurred in low abundances. 
In conclusion, the detailed analysis of the temporal and vertical occurrence of 
Clausocalanus species in relation to certain environmental parameters allowed me 
to depict a coherent picture of their distribution in the Gulf of Naples and make 
hypotheses regarding the differentiation of their niches, which will be further 
developed in Chapter 5.
CHAPTER 3
Spring distribution in two 
different trophic regimes
3.1. Oligotrophic conditions in the Ionian Sea 
(Eastern Mediterranean)
The Eastern basin (EMED) is the most oligotrophic region in the Mediter­
ranean Sea (Azov, 1991). Its complex mesoscale physical dynamics plays a crucial 
role in the circulation of the entire Mediterranean (Robinson et a l , 1991; POEM- 
group, 1992). In the last two decades, the region has undergone relevant changes in 
its deep and intermediate circulation as a transient effect of climate forcing named 
EMT (Eastern Mediterranean Transient) (Roether et a l , 1996; Malanotte-Rizzoli 
et al, 1999a). The notable amount of information now available on the evolution 
of the EMT and its effects on the thermohaline circulation of the EMED is widely 
discussed in Manca (2000). The Ionian Sea in the EMED represents an impor­
tant area for the dynamics of water masses originating in the western and eastern 
basins. It is an oligotrophic sea where autotrophic biomass is low (1-8 /ig C L-1) 
and mainly constituted by picoplankton (Rabitti et al, 1994; Casotti et al, 2003). 
The Ionian Sea has been affected by EMT in deep layers below 1000 m and its 
follow up has caused a dramatic reversal of its upper circulation which has become 
cyclonic since March 1998 (Manca, 2000). In addition, the EMT has determined
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an uprise of the nutricline in the northern and eastern Ionian Sea, which carried 
nutrients close to the euphotic zone (Klein et a l , 1999), and showed some effects 
also on epipelagic mesozooplankton communities (Mazzocchi et al., 2003).
In the spring of 2002, a survey was conducted in the open Ionian Sea in the 
frame of the Italian programme SINAPSI. The programme was focused on biogeo­
chemical and physical processes in key marine areas for monitoring the ecosystem 
variations at the seasonal, interannual and decadal scales in the Mediterranean 
(Pinardi, 2000).
The hydrology of the Ionian Sea during cruise SINAPSI-4 was described by 
Manca et al. (2006), who analysed CTD casts in the whole water column but 
focused mainly on the intermediate and deep circulation. Through the shallow 
Sicily Strait, the fresher water of Atlantic origin (Modified Atlantic Water, MAW) 
flowed in the surface layer (<200 m) of the Ionian Sea from west to east, whereas a 
more saline and warmer core water intruded into the Ionian from the eastern side 
and flowed predominantly northwards along the Greek coast. This latter water 
mass mixed with the MAW and became the Ionian Surface Water (ISW). A sharp 
temperature and salinity front at 36°N separated the ISW in the north from 
the MAW to the south, where it flowed mainly eastwards with an anticylonic 
motion. The ISW was laterally bounded on its western side by a water mass 
characterised by low temperature and high salinity. This was probably caused 
by the cyclonic dynamics in the area, so that cold and salty waters were lifted 
from the intermediate layer close to the surface. The ISW flowed northward and 
extended into the Adriatic Sea, having a high salinity core because of the cyclonic 
circulation in this region.
In the western Ionian, the salinity and temperature values of the MAW ranged 
from 37.6 to 38.6 psu and from 15 to 17°C, respectively (Manca et al., 2006). It
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occupied the 0-150 m layer at Stns C09, C08, C07 and could be still recognized at 
Stn C06, whereas a small quantity of MAW appeared at Stns T02 and G99. The 
MAW, as it moved eastward, mixed with the more saline ISW, which could be 
well identified in the eastern and northern Ionian by salinities greater than 38.70 
psu.
In SINAPSI-4, mesozooplankton was preliminary analysed to investigate inter­
annual variations in its abundance and trophic structure in the epipelagic domain 
throughout the onset, evolution and decline of the EMT (Malanotte-Rizzoli et al., 
1999b).
In this thesis, the Clausocalanus assemblages are examined in detail to depict 
their composition and spatial distribution in open oligotrophic waters.
3.1 .1 . M ateria ls and m eth od s
SINAPSI-4 cruise was carried out in the Ionian Sea from 27 March to 10 
April 2002 onboard the R/V Urania. Mesozooplankton samples were collected at 
16 stations spread throughout the basin (Fig. 3.1; Table 3.1). At each station, 
a vertical tow was performed with a Nansen net (1 m2 mouth area, 200 fim 
mesh size) in the upper 100 m of the water column. Samples were fixed onboard 
immediately after collection and preserved in a buffered formaldehyde-seawater 
solution (4% final concentration).
In the laboratory, zooplankton were identified and counted under a stereoscope 
using a Bogorov chamber. At least 1/10^ of the entire sample was analysed taking 
repeated aliquots with a large mouth graduated syringe after accurate mixing 
(modified Stempel pipette method). Clausocalanus females were identified at the 
species level according to Frost and Fleminger (1968), while males and juveniles 
where identified at the genus level (counts performed by M.G. Mazzocchi, SZN,
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Laboratory of Bilogical Oceanography).
In order to compare Clausocalanus species composition with water charac­
teristics, the environmental data (temperature, salinity and fluorescence) of the 
upper 100 m recorded by CTD (seabird SBE 911-plus CTD rosette system) (data 
provided by Dr. M. Ribera d’Alcala) were depth averaged and mapped using 
kriging (a geostatistic analysis) and statistically analyzed with SPSS 12 statistical 
package. Statistical analysis was performed on standardized data (Z values) of the 
environmental parameters in order to minimize scale effects (Legendre and Leg­
endre, 1998). Hierarchical clustering (based on the average linkage classification) 
and nonmetric multidimensional scaling (MDS) were performed. The combina­
tion of clustering and ordination analysis allows evaluation of the adequacy and 
mutual consistency of both representations (Legendre and Legendre, 1998).
3 4 -
15 20
Longitude (°E)
25
Figure 3.1. Map of the Ionian Sea with stations sampled for mesozooplank­
ton collection during SINAPSI-4 cruise in spring 2002.
3 Spring distribution in two different trophic regimes 65
Table 3.1. Zooplankton station data for the SINAPSI-4 cruise in the Ionian 
Sea. Collection time is reported in Coordinated Universal Time (UTC), a 
high-precision atomic time standard.
STN DATE
(dd/m m /yy)
TIME
(UTC)
COORDINATES 
Lat. (°N) Long. (°E)
SONIC 
DEPTH (m)
C09 30/03/02 7:51 35°24.97 13°59.98 579
C08 30/03/02 15:15 35°08.00 14°59.98 556
C07 31/03/02 0:45 34°59.98 16°29.92 2296
C06 31/03/02 16:46 35°48.00 15°57.95 3584
1G99 01/04/02 13:02 35°34.98 17°15.00 4012
SG99 01/04/02 18:15 35°34.98 17°15.00 4012
C05 02/04/02 1:58 35°46.98 18°26.05 4053
T04 02/04/02 13:04 36°45.13 17°45.17 3420
T02 02/04/02 23:10 37°40.00 16°54.02 2350
S02 03/04/02 8:32 38°30.03 17°04.98 1565
101 04/04/02 8:00 38°29.76 18°03.18 2377
S07 05/04/02 16:49 38°29.96 20°09.94 2758
T08 06/04/02 10:47 37°01.25 20°16.89 3201
C03 06/04/02 19:42 35°47.96 19°41.98 3172
T05 07/04/02 7:44 37°13.32 18°56.23 3327
907 07/04/02 20:40 39°07.06 19°41.96 1503
004 08/04/02 6:09 39°50.02 19°09.78 937
3.1 .2 . R esu lts  
Environmental parameters
The vertical profiles of environmental parameters in the upper 200 m layer, 
showed that the water column was mixed at all stations, with deep chlorophyll 
maxima (DCM) present between 50-100 m depth at most of the sites (Fig. 3.2). 
Fluorescence was higher at Stn S02 throughout the upper 50 m of the water col­
umn, and indicated the presence of the so called “Calabrian bloom” (D’Ortenzio, 
2003).
Maps based on CTD data integrated in the upper 100 m revealed northward
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Figure 3.2. Vertical profiles of the environmental parameters recorded by 
CTD in the upper 200 m at stations surveyed for mesozooplankton in the 
Ionian Sea in spring 2002. (a) temperature (°C; simple line) and salinity (psu; 
discontinuous line); (b) fluorescence (f.u.; simple line) and density (kg m-3 ; 
discontinuous line).
3 Spring d istr ibu tion  in two different trophic regim es 67
gradients of temperature (decreasing 2°C) and salinity (increasing 0.8 psu), and 
an eastward gradient in fluorescence (decreasing 0.2 f.u.)(Fig. 3.3).
13 14 15 16 17 18 19 20 2113 14 15 16 17 18 19 20 2113 14 15 16 17 18 19 20 21
^ ^ ^ ^ ^ ^ L o n g i t u d e j°E) Longitude(°E)
14 14.6 15.2 1 5.8 1 6.4 1 7 38 38.2 38.4 38.6 38.8 39 0 0.05 0.1 0.15 0.2
Tem perature (°C) Salinity (psu) F luorescence (f.u.)
Figure 3.3. Distribution of environmental parameters in the Ionian Sea in 
spring 2002: (a) temperature (°C), (b) salinity (psu) and (c) fluorescence 
(f.u.) integrated in the 100-0 m.
Two major clusters of stations grouped by similar environmental characteris­
tics were identified (Fig. 3.4):
• Cluster I (Stns C09, C08, C07) was influenced by warmer (15.81-16.60 °C), 
lower salinity (38.10-38.16 psu) and lower fluorescence (0.08-0.10 f.u.) water 
mass, which corresponded to the Modified Atlantic Water (MAW) that 
flowed into the Ionian Sea from the Sicily Strait;
• Cluster II included all the remaining stations. Three subgroups could be 
identified in Cluster II:
— Cluster Ha was formed by two stations differing in their environmental 
parameters: Stn C06 was occupied by ISW, which had features resem­
bling the MAW (15.05°C, 38.58 psu) but higher fluorescence (0.15 f.u.) 
and Stn S02 which was occupied by ISW (14.31°C; 38.79 psu) and pre­
sented the highest values of fluorescence of the area (0.17 f.u.);
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— Cluster lib  (Stns 004, 101, T04) was formed by stations located in 
the northern Ionian Sea, characterized by presenting the coldest water 
mass (14.51-14.98°C), the core of salinity maximum (38.71-38.81 psu), 
and higher fluorescence (0.08-0.11 f.u.);
-  Cluster lie (Stns G99, C05, T08, C03, S07, T05, 907, T02) was in­
fluenced by colder (15.14-15.75°C), saltier (38.59-38.80 psu) and oligo- 
trophic (0.06-0.08 f.u.) Ionian Surface Water (ISW).
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Figure 3.4. Groups of stations with similar environmental characteristics 
revealed by statistical analysis of integrated values of the environmental pa­
rameters (100-0 m; temperature, salinity and fluorescence) recorded by CTD 
in the Ionian Sea in spring 2002: a) dendrogram of the cluster analysis; b) 
non-metric multidimensional scaling plot (stress=0.02621 and squared correla­
t io n ^ .99723). Station groups are indicated in circles and Roman numberals.
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Clausocalanus
The abundance of Clausocalanus (adults and juveniles) in the upper 100 m 
water column ranged from 46.4 to 182.2 ind. m-3 (average 101.2 ±41.9 ind. 
m_3)(Fig. 3.5a), accounting for 12.6-55.1% of the total copepod numbers (average 
33.5 ±14.2%) (Fig. 3.5b).
Copepodids made up 45.8% (±  19.1) of total Clausocalanus abundance, repre­
senting up to 95.1% at Stn S02 (Fig. 3.5c). Females accounted for 94.4±2.9% of 
adult Clausocalanus, while the male contribution was very low ranging from 2.1% 
to 11.6% (average 5.6 ±2.9%) (Fig. 3.5c).
All eight species recorded in the Mediterranean are found in the Ionian Sea 
(Fig. 3.5d). Only three species (C. paululus, C. furcatus and C. arcuicornis) were 
present at all stations, while the other five species had scattered occurrence, with 
C. mastigophorus and C. pergens being the least frequent (88.2% and 70.6% of 
the visited stations, respectively). C. paululus was by far the dominant species in 
the area, accounting for 38.8-82.0% of Clausocalanus female abundance in 82.4% 
of the stations. C. arcuicornis and C. lividus followed in a rank order of abun­
dance, C. arcuicornis representing 25.9-28.7% at Stn C06 and C07 while C. lividus 
represented up to 56.3% at Stn S02 (Table 3.2).
At the species level, Clausocalanus females showed specific patterns of horizon­
tal distribution (Fig. 3.7): C. paululus showed a gradient toward the eastern part 
of the basin, where it dominated (maximum at Stn T05, 51.4 ind. m~3)(Fig. 3.7a). 
C. pergens was absent at five stations (C05, T02, S02, S07 and T08) and showed 
its peak abundance at Stns C09 and 004 (3 and 6.4 ind. m-3 , respectively; 
Fig. 3.7b). C. furcatus was present at all stations and showed its peak abundance 
at Stns C07 and T05 (8.4 and 7.8 ind. m-3 ; Fig. 3.7c). C. jobei, C. parapergens 
and C. arcuicornis had similar horizontal distribution (Fig. 3.7d-f) but the latter
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Table 3.2. Relative percentage contribution of Clausocalanus species (adult 
females) of total female abundance in the Ionian Sea in spring 2002.
Species Mean s d m in m ax
C. paululus 55.4 20.3 12.5 82.0
C. pergens 1.5 2.6 0.0 9.6
C. furcatus 7.5 5.1 2.0 18.8
C. jobei 5.4 5.5 0.0 16.8
C. parapergens 5.9 3.7 0.0 15.7
C. arcuicornis 12.3 7.6 2.8 28.7
C. lividus 10.2 12.9 0.0 56.3
C. mastigophorus 1.6 1.4 0.0 4.7
Lsngtude (°E) longiude (°E>
Figure 3.6. Horizontal distribution of Clausocalanus in the upper 100 m 
in the Ionian Sea: juveniles (a) and adults (b). Note that each isocline 
represents 10 ind. m~3, white being indicative of low abundance and black of 
high abundance.
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Figure 3.7. Horizontal distribution of Clausocalanus species (adult females) 
in the upper 100 m in the Ionian Sea in spring 2002. (a) C. paululus; (b) 
C. pergens; (c) C. furcatus; (d) C. jobei; (e) C. parapergens; (f) C. arcuicornis; 
(g) C. lividus; (h) C. mastigophorus. Note that each isoline represents 1 ind. 
m-3 except for (a), where it represents 10 ind. m-3 .
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species was the most abundant of the three. C. jobei and C. parapergens peaked 
at Stn C09 and Stn C6, respectively (C. jobei 10.4 ind. m-3 and C. parapergens 
7.2 ind. m-3). Both C. jobei and C. parapergens were absent at Stn S02. C. ar­
cuicornis was abundant at the south-western stations and at Stn 004 (14.2 and 
13.8 ind. m-3 , respectively). C. lividus had peak abundances at Stns 101 and G99 
(8.6 and 11.8 ind. m~3; Fig. 3.7g). C. mastigophorus, which was less abundant 
than its similar-size congener C. lividus, was the least abundant species in the 
Ionian Sea, with a maximum abundance at Stns 907 and G99 (2.2 and 3 ind. 
m-3 ; Fig. 3.7h).
The cluster analysis revealed three groups of stations characterized by their 
species composition (Fig. 3.8, Table 3.3):
• Cluster I (Stns C05, C03, G99, T04, 101, 907, T08, T02, T05, 004) is 
characterized by the striking dominance of C. paululus and much lower 
contributions of C. arcuicornis, C. jobei, C. parapergens and C. pergens;
• Cluster II (Stns C06, C07, C08, C09) is characterized by the co-dominance 
of C. paululus and C. arcuicornis (which together made up 60% of total 
Clausocalanus females) and by the contribution of C. jobei, C. parapergens 
and C. pergens that reached their highest abundance at these stations;
• Stn S02 differentiated from the other stations by having only four species: 
C. lividus (56.3% of female abundance), C. furcatus (20%), and C. paululus 
and C. arcuicornis (12.5% each).
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Figure 3.8. Results of species composition (relative contribution of each 
species females to total female abundance) statistical analysis, (a) Cluster 
analysis, (b) Non-metric multidimensional scaling. Station groupings are 
shown.
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Table 3.3. Clausocalanus species composition (in terms of abundance, ind. 
m-3) for each cluster in the Ionian Sea in spring 2002 (mean±SD).
CLUSTER I II Stn S02
C. paululus 37.6 ±  11.3 67.5 ±10.2 12.5
C. pergens 4.1 ± 3 .5 0.6 ±  1.2 0.0
C. furcatus 8 .2 ± 5 .3 6.2 ± 3 .9 18.8
C. jobei 12.6 ± 4 .5 2.7 ±  1.8 0.0
C. parapergens 9.3 ± 4 .0 4.9 ±  2.1 0.0
C. arcuicornis 22.5 ± 4 .6 7.6 ± 2 .9 12.5
C. lividus 5 .2 ± 5 .7 8.3 ±  5.1 56.3
C. mastigophorus 0.6 ± 0 .7 2.2 ± 1 .4 0.0
3.1 .3 . D iscussion
The Ionian Sea is a markedly oligotrophic basin, where the stratification of 
water masses with very different characteristics prevents a throughout mixing in 
winter and nutrient enrichment of the euphotic layer (Napolitano et al., 2000). 
Very few studies in the past have provided information on zooplankton distri­
bution in the basin (Greze, 1963; Vaissiere and Seguin, 1980; Christou et a/., 
1990). Surveys conducted in more recent years at the basin scale have shown 
that epipelagic mesozooplankton abundances in the open waters are very low in 
autumn (Mazzocchi et a/., 1997) and slightly higher in spring (Mazzocchi et a/., 
2003) and show a strong vertical gradient from the upper 100 m down to 300 m 
depth.
In the spring of 2002, most zooplankton stations were grouped in two clear 
clusters, characterized by the presence of two different water masses: Modified 
Atlantic Water (MAW) and Ionian Surface Water (ISW), in accordance with 
the surface water mass characterization presented by Manca et al. (2006). The 
chlorophyll distribution retrieved by SeaWiFs (D’Ortenzio, 2003) confirmed the 
oligotrophic conditions in most of the basin (chlorophyll rarely higher than 0.2 gg
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Chi a L-1), but also highlighted a significant enhancement of surface autotrophic 
biomass offshore the Calabrian coast (north-western Ionian Sea). The “Calabrian 
bloom” (up to 0.8 fig Chi a L-1) showed great temporal variability in the three 
years analyzed by D’Ortenzio (2003), however it was almost always present in 
March and disappeared in mid-April. This phenomenon was a novel feature for 
the basin, which appeared after the Eastern Mediterranean Transient (D’Ortenzio, 
2003).
In the spring of 2002, Clausocalanus represented a relevant and often dom­
inant component of the whole copepod assemblage in the upper 0-100 m layer. 
Also in other oligotrophic epipelagic regions, Clausocalanus has been reported as 
a dominant genus, e.g. in the Caribbean Sea (Webber and Roff, 1995) and in the 
Sargasso Sea (Paffenhofer and Mazzocchi, 2003). In the Sargasso Sea, in summer, 
Paffenhofer and Mazzocchi (2003) observed the predominance of juveniles in Clau­
socalanus assemblages but they used smaller mesh size (63 fim) which collected 
all copepodid stages more efficiently.
Clausocalanus were more abundant, and contributed more to total copepods, 
in the eastern-central side of the Ionian Sea, which was occupied by the ISW 
and was the most oligotrophic area of the basin. The lowest abundance and rela­
tive contribution of Clausocalanus were observed at those stations affected by the 
MAW and at those affected by the ISW with slightly higher fluorescence. The 
Clausocalanus assemblage was differentiated into three clusters of stations: 1) sta­
tions occupied by the oligotrophic ISW, where C. paululus dominated, 2) stations 
occupied by the MAW, where C. arcuicornis and C. paululus co-dominated, and 
3) Stn S02 that showed the highest fluorescence values (“the Calabrian bloom”) 
and a particular Clausocalanus assemblage where copepodids represented more 
than 90% of the total genus abundance, C. lividus was the most abundant species
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and four species were not found at this station.
The small C. paululus was the most abundant species mainly in the eastern 
region occupied by the cold oligotrophic and salty ISW. The same species ac­
counted for most of Clausocalanus abundances in other spring surveys conducted 
in the open Ionian Sea in the ’90s (Mazzocchi et al., 2003). The importance of 
C. paululus in the Ionian Sea seems to be related to the season. In fact, during the 
autumn, it was C. furcatus that prevailed in Clausocalanus associations all over 
the Eastern Mediterranean (Ionian included), being the most abundant copepod 
together with Oithona plumifera (Siokou-Frangou et al., 1997).
In the spring of 2002, the two small species C. pergens and C. furcatus oc­
curred at low abundance, the former only in the MAW region and in the Otranto 
Strait, while the second was recorded at all the surveyed stations but mainly 
in the warmer southern region. C. arcuicornis was an abundant species in the 
southern region occupied by the warmer, less salty, oligotrophic MAW; it out­
numbered C. jobei and C. parapergens, but all three medium-sized species showed 
similar horizontal distribution. The large species C. lividus and C. mastigopho- 
rus occurred in low numbers; the former was more abundant than the latter but 
both species did not show clear distribution patterns due to their poor and sparce 
occurrence. Located offshore, the Calabrian coast, Stn S02 was dominated by 
Clausocalanus juveniles, suggesting that more eutrophic conditions at that site 
could sustain more intense Clausocalanus reproduction.
In synthesis, Clausocalanus was an important copepod genus in the spring 
epipelagic zooplankton throughout the Ionian Sea, but the species composition in 
this oligotrophic environment varied in accordance with the main hydrographical 
features occurring in the area (MAW, ISW and Calabrian bloom). The most 
abundant species in that period was C. paululus, which dominated the stations
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with colder and more oligotrophic conditions.
3.2. Eutrophic conditions in the North Balearic 
Sea (Northwestern Mediterranean)
The Northwestern Mediterranean (NWMED) is the region were the most in­
tense phytoplankton bloom occurs in the Mediterranean. It is one of the few 
mid-latitude basins where deep-water formation occurs in winter (Madec et al, 
1996). This region is strongly affected by wind gusts during winter and spring 
(Mistral, Tramontane), associated with intense cooling. Such conditions favor 
deep winter convection (chimney formation) that brings nutrients to the surface 
layer where low light inhibits photosynthesis. As soon as sunlight increases, an 
intense phytoplankton bloom develops which lasts for two weeks - one month in 
the end February - early May period and produces 15% of the total Mediterranean 
primary production (Antoine et al, 1995). Biomass distribution is modulated by 
intense mesoscale activity and breakup of the deep-mixed patch (associated with 
the process of deep-water formation; Levy et al, 2000) and the North Balearic 
Front instabilities.
Restratification of the water column is a prerequisite for the onset of spring 
phytoplankton blooms in offshore waters of temperate regions (Sverdrup, 1953). 
However, the spring bloom in the northwestern Mediterranean (NWMED) starts 
before the seasonal stratification of the water column (Marty, 1993; Levy et al, 
2000) and is very variable in its timing (Andre 1990, in Levy 2000). Satellite Sea- 
WiFS data revealed that this area is characterized by having the highest values 
of autotrophic biomass in the Mediterranean (D’Ortenzio, 2003). The modelling 
study of Levy et al (2000) showed the combined impact of mesoscale activity,
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spring warming and wind gusts on the onset and decay of the spring phytoplank­
ton bloom.
In the spring of 2003, two successive oceanographic cruises were conducted in 
the North Balearic Sea in the frame of the Italian programme NorBal, which was 
focused on the impact of deep water formation and the successive phases of spread­
ing and restratification of the water column on biological productivity through a 
Lagrangian experiment. Lagrangian experiments, by following the same water 
mass using buoys, include both spatial and temporal variability permitting anal­
ysis at the same time of both different scales (space and time). The distribution 
of Clausocalanus species was analysed to assess the dynamics of these copepods 
in response to the temporal and spatial evolution of the spring phytoplankton 
bloom. During spring 2003, the phytoplankton community had high biomass (up 
to 17.1 x 106 cells LT1) and very diverse composition, mostly dominated by small 
cells, mainly flagellates and diatoms (Iennaco, 2004).
3.2 .1 . M ateria ls and m eth od s
Two oceanographic cruises were conducted in the NWMED in the spring in 
2003 during two legs of NorBal-4 (3-21 March) and one leg of NorBal-5 (21-25 
April) cruises onboard the R/V Urania (Fig. 3.9). CODE (Coastal Ocean Dy­
namic Experiment) surface drifting buoys were launched at different times during 
the cruises (Table 3.4). The buoys were equipped with an Argos transmitter that 
automatically sends messages that are received by satellites in low-earth orbit 
(in this case the NO A A geostationary satellite in polar orbit) which in turn re­
lay messages to ground stations that forward messages to processing centers who 
calculated buoys track and velocity (www.argos-system.org).
Mesozooplankton were collected at 22 stations in total (Table 3.4; Fig. 3.9)
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Figure 3.9. Area of zooplankton survey in the North Balearic Sea during 
NorBal-4 (white triangles) and NorBal-5 (black triangles) in the spring of 
2003.
along three buoy tracks for monitoring the same water mass, as well as outside 
the track to obtain information on mesoscale variability that characterized the 
area. Vertical tows of a closing Nansen net (113 cm mouth diameter, 200 /am 
mesh size) were performed at three discrete depths (200-100, 100-50 and 50-0 m). 
Once onboard, mesozooplankton samples were immediately fixed and preserved in 
a buffered formaldehyde-seawater solution (4% final concentration).
In the laboratory, zooplankton were identified and counted under a dissecting 
microscope using a Bogorov chamber. Clausocalanus females and males were iden­
tified at the species level in three species (C. paululus, C. pergens and C. furcatus) 
while for the other species only females were identified at the species level accord­
ing to Frost and Fleminger (1968), while the rest of the males and copepodids 
were identified only at the genus level (counts performed by M. G. Mazzocchi).
Frequent CTD casts were performed every day during NorBal-4 and NorBal-5
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Table 3.4. Samples collected in the northwestern Mediterranean region dur­
ing spring 2003. Collection time is reported in Coordinated Universal Time 
(UTC), a high-precision atomic time standard.
BUOY Stations DATE
(dd/m m )
TIM E
(UTC)
COORDINATES 
Lat.(°N) Long.(°E)
SONIC 
DEPTH (m)
Leg 1
NB4-01 06/03 10.29 42°14.99 06°15.02 2568
- NB4-04 07/03 14.03 42°15.00 05°30.00 2321
- NB4-10 08/03 13:20 41°22.48 04°59.99 2529
- NB4-13b 09/03 9:08 41°24.48 04°51.97 2539
CODE-1 NB4-15 10/03 9:16 41°21.24 04°57.18 2537
CODE-1 NB4-19 11/03 3:24 41°15.04 04°47.00 2580
CODE-1 NB4-21 11/03 15:33 41°11.83 04°43.53 2600
CODE-1 NB4-28 12/03 11:30 41°04.32 04°51.70 2610
CODE-1 NB4-37 13/03 12:47 41°16.53 05°13.20 2530
Leg 2 
CODE-1 NB4-42 17/03 10:17 41°45.52 05°38.75 2480
CODE-2 NB4-52 18/03 10:51 42°14.88 05°14.95 2261
CODE-2 NB4-68 20/03 15.30 42°22.04 05°1.47 2054
CODE-2 NB4-81 21/03 11:08 42°11.61 04° 47.32 2108
- NB4-88 23/03 9.03 42°39.99 4°29.95 802
- NB4-94 24/03 14.03 41°15.00 4°30.00 2616
- NB4-9.7 25/03 7:10 40°59.99 04° 44.95 2664
Leg 3 
CODE-3 NB5-01 18/04 21:36 40°44.98 05°00.01 2708
CODE-3 NB5-04 21/04 11:22 42°16.66 05°00.04 1952
CODE-3 NB5-12 22/04 9:02 42°16.93 05°03.03 2010
CODE-3 NB5-22 23/04 9:11 42°18.15 05°05.38 2046
CODE-3 NB5-33 24/04 12:07 42°17.29 05°05.89 2080
- NB5-34 24/04 17:36 41°40.00 05°00.00 2423
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cruises, but only those close to the time of mesozooplankton collection have been 
considered for the present analysis.
3.2 .2 . R esu lts  
Environmental parameters
Ocean colour images in the NWMED region during the surveyed period, 
showed remarkable mesoscale dynamics with eddy variability in the area (Fig. 3.10; 
D’Ortenzio, 2003). In mid-March, deep water formation and large phytoplank­
ton bloom dynamics were recorded (Fig. 3.10a). At the end of March, the 
bloom covered the entire area (Fig. 3.10b) while in April the bloom was decaying 
(Fig. 3.10c). Vertical profiles of environmental data showed the three phases of
44*1!
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Figure 3.10. SeaWiFs images recorded in the NWMED region during spring 
2003 (from D’Ortenzio, 2003). The blue ’hole’ in a) corresponded to the deep 
water formation area while surrounding red areas indicated the occurrence of 
a large phytoplankton bloom.
the phytoplanktonic bloom (Fig. 3.11). At the onset of the bloom, during the 
second week of March 2003 (leg 1: Stns NB4-10 and NB4-13b before launching
10-M ar-2003 20 -M or-2003 2 2 -A p r-2003
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Figure 3.11. Water column structure during NorBal-4 (left) and NorBal-5 
(right): temperature (a), salinity (b), and fluorescence (c) recorded by CTD 
casts in the upper 200 m in spring 2003.
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the buoy and from Stns NB4-15 to NB4-37 on CODE 1 track), the water mass 
was cold (Fig. 3.11a), salinity was high (Fig. 3.11b) and autotrophic biomass was 
concentrated in the upper 70 m (Fig. 3.11c). It must be noticed that few hours 
after sampling on 12 March, surface temperature increased and salinity decreased, 
suggesting the intrusion of a different water mass. Also phytoplankton concen­
tration increased at depth layers (Iennaco, 2004). All these observations indicate 
that the water mass followed by CODE-1 deepened and that stations visited suc­
cessively were occupied by a different water mass (Dr. B. Buongiorno-Nardelli, 
Gruppo di Oceanografia da Satellite ISAC-CNR, personal communication).
During the bloom, in the third week of March (leg 2: Stn NB4-42 on CODE- 
1 track, Stn NB4-52 and NB4-81 on CODE-2 track and Stn NB4-97 outside the 
track), the temperature was higher than on the previous leg and the water column 
started to stratify (Stn NB4-97). The highest fluorescence was recorded during 
this leg and was concentrated in the upper 50 m (Fig. 3.11c). In the last week 
in April (leg 3: Stns NB5-01 to NB5-34), the water column was stratified, and a 
clear thermocline was recorded in the upper 50 m layer (Fig. 3.11a). On days 19 
and 20 (between Stn NB5-01 and NB5-04), strong Tramontane wind in the area 
slightly destabilized the thermocline that was restored during the next days. The 
lowest fluorescence values were recorded during this period (Fig. 3.11c).
Cluster and non-metric multidimensional scaling (MDS) revealed four clusters 
of stations (Fig. 3.12, 3.17a):
• Cluster I grouped together those stations where stratification was noticed 
in the upper layer (Stns NB4-97, NB5-1, 34). Water temperature was the 
highest (14.2°C) while salinity was the lowest (37.8 psu). Fluorescence was 
also low (0.34 f.u.).
• Cluster II grouped together the upper 50 m of those station where the
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maximum fluorescence values were recorded (Stns NB4-52, 68, 81; 6.9 f.u.). 
Temperature (13.1°C) and salinity (38.4 psu) were similar to those recorded 
in the successive clusters.
• Cluster III was formed by the upper layer of those stations where the mini­
mum fluorescence values were recorded (Stns NB5-4, 12, 22, 33; 0.24 f.u.).
• Cluster IV grouped all the remaining layers and stations, characterized by 
low temperatures (13.1°C), high salinity (38.3 psu) and mid fluorescence 
(0.8 f.u.).
Clausocalanus
In the integrated 200 m water column, Clausocalanus abundance showed a 
general increasing trend from the beginning to the end of the survey, with in­
creasing variability at the same time. The overall mean was 625.2 ind. m~3 
( ±  413.8)(Fig. 3.13a, Table 3.5). On average, Clausocalanus represented 59.1% of 
the total copepods ( ±  8.9) ranging from 40.4 to 73.2% (Fig. 3.13b). Clausocalanus 
contribution to total copepod abundance slightly increased with time in March. In 
April, along the buoy track, the highest contribution recorded (76.2% at Stn NB5- 
01) was followed by much lower values, which regularly increased in a few days. 
Clausocalanus population was mainly represented by copepodids (58.8% of total 
Clausocalanus). Their contribution was quite stable during the track of first buoy 
while tended to increase during the tracks of the second and third buoys. Males 
made up, on average, 12.4 ±5.4% of total Clausocalanus abundance and showed 
their highest contributions during leg 2 (Fig. 3.13a, Table 3.5).
Clausocalanus females were dominated by far by C. pergens (Fig. 3.13d). 
Females of C. pergens showed a remarkable variability in body size from 0.87-
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Figure 3.12. Dendrogram of environmental parameters (temperature, salin­
ity and fluorescence) recorded at the three different depth layers where meso­
zooplankton samples were collected (.1, 0-50 m; .2, 50-100 m; and .3, 100- 
200 m). Spring 2003 in the North Balearic Sea.
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Table 3.5. Clausocalanus abundance, relative contribution and population 
structure in the integrated 0-200 m in the northwestern Mediterranean during 
spring 2003.
LEG 1 LEG 2 
(8-12 March) (17-25 March)
LEG 3 
(18-24 April)
Whole
period
Genus abundance (ind. m 3)
mean 445.9 710.1 795.2 625.2
SD 224.5 430.2 560.2 413.8
min 29.1 260.8 257.1 29.1
max 807.3 1550.8 1714.9 1714.9
Genus % of to tal copepods
mean 59.2 62.3 55.1 59.1
SD 5.3 4.5 15.2 8.9
min 51.7 56.5 40.4 40.4
max 66.6 70.7 76.2 76.2
% of females to to ta l Clausocalanus
mean 24.7 32.3 30.9 28.8
SD 11.4 18.4 7.1 13.1
min 15.2 11.5 22.4 11.5
max 50.6 67.8 40.3 67.8
% of males to to tal Clausocalanus
mean 12.1 13.9 11.0 12.4
SD 5.2 6.5 4.6 5.4
min 5.8 8.0 6.4 5.8
max 22.5 26.7 19.4 26.7
% of juveniles to to tal Clausocalanus
mean 63.2 53.7 58.1 58.8
SD 14.9 18.6 10.0 15.0
min 35.4 24.2 44.5 24.2
max 79.0 70.4 67.2 79.0
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1.07 mm, similar to that reported by Frost and Fleminger (1968), and approaching 
the medium size of C. parapergens. C. pergens accounted for 77.2 ±10.7% during 
the whole period. At all stations but two, it made up >70% of total Clausocalanus 
females, increasing from leg 1 to leg 3 (Table 3.6). It was followed by C. paulu­
lus, which mainly contributed in March (leg 1) and C. arcuicornis, which mainly 
contributed in April (leg 3). C. lividus was present during the whole period with 
similar very low contributions (2.7±  1.6%). C. jobei was very scarce (0.2 ±0.3%), 
while C. parapergens made up a relevant contribution only at Stn NB4-68 and 
NB4-88 (33.1% and 11.5%, respectively). C. mastigophorus was sparcely recorded 
with only a few indiviuals.
Looking at the temporal variability of Clausocalanus species in spring 2003 
in the NWMED (Fig. 3.14 and Fig. 3.15), it can be noted that the dominant 
C. pergens and the other most abundant species, C. paululus, C. arcuicornis and 
C. lividus, showed very similar temporal and spatial patterns with a general in­
creasing trend of abundance from early March to late April (Fig. 3.14). C. paululus 
was more abundant than C. arcuicornis in March, while the opposite occurred in 
April.
The most abundant Clausocalanus species were concentrated in the upper 
50 m during most of the studied period. Such species occurred deeper when in 
March the tracked water mass deepened (Stn NB4-15) and after a strong mixing 
event in April (Stn NB5-04). After that, species population rose up to the upper 
layer (Fig. 3.15).
Cluster and MDS analysis based on Clausocalanus species composition during 
the surveys, revealed that most of stations and layers presented similar Clauso­
calanus assemblages (due to the large dominance of C. pergens) except on three 
occasions (Fig. 3.16, 3.17b):
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Figure 3.14. Clausocalanus female abundance integrated in the upper 200 m 
in the NWMED in spring 2003. Sampling dates are joined with lines in those 
species that were presented at all stations, sporadic presence are indicated by 
isolated symbols.
• At Stn NB4-68 in the 50-200 m where C. parapergens dominated (73% and 
57% at 50-100 and 100-200 m layers);
• At Stn NB4-88 (50-100 m) where C. paululus, C. arcuicornis and C. pergens 
co-dominated (31.3%, 25.3% and 24.0%, respectively) and were followed by 
C. lividus (12.0%);
• At Stn NB4-97 (0-50 m) where C. jobei and C. furcatus (absent or almost 
absent in all the other stations) represented 4.2% and 2.6% of Clausocalanus 
females, respectively.
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Figure 3.15. Clausocalanus females (black) and males (when data available; 
grey) vertical distribution in the NWMED in spring 2003.
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Figure 3.16. Dendrogram of Clausocalanus assemblages occurring at the 
three different depth layers where mesozooplankton samples were collected 
(.1, 0-50 m; .2, 50-100 m; and .3, 100-200 m). Spring 2003 in the North 
Balearic Sea.
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Figure 3.17. Non-metric multidimensional scaling of environmental param­
eters (temperature, salinity and fluorescence) (a) and Clausocalanus assem­
blages (b) encountered in the North Balearic Sea in spring 2003.
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3.2 .3 . D iscu ssion
The spatial and temporal distributions of Clausocalanus species were described 
in the North Balearic Sea in spring along the trajectories of three different buoys 
that were launched at different times and locations to follow the development and 
the distribution of an intense phytoplankton bloom.
Several processes are responsible for the variability of the spring phytoplank­
ton bloom in the Northwestern Mediterranean (NWMED) according to Levy et al. 
(2000). In March 2003, Ekman and dynamical restratification caused the bloom 
to start earlier in the season, before thermal restratification that occurred at the 
end of March. When thermal restratification occurred, fluorescence values were 
very low, indicating that the phytoplankton bloom had already decayed, proba­
bly due to nutrient depletion in the photic zone. Phytoplankton composition and 
abundance in the NWMED in the spring of 2003 was analysed by Iennaco (2004). 
The community was very diverse (c. 130 species) and mostly dominated by small 
cells (2-5 fim) (Iennaco, 2004). In March, small non colonial diatoms, small flag­
ellates (ultra-pico plankton) and coccolithophores dominated, then large colonial 
diatoms appeared, characteristic of bloom conditions. In April, phytoflagellates 
and small coccoids dominated and small dinoflagellates became significantly more 
important. In March, phytoplankton was concentrated in the 0-20 m layer and 
gradually increased up to fourfold, with a major peak at 30 m, then it returned to 
the pre-bloom situation in late March. In April, phytoplankton concentration was 
half that observed in early March and was restricted to the upper 25 m. Accord­
ing to the phytoplankton community encountered along the survey, the stations 
visited during the first buoy track corresponded to the onset or medium phase of 
a bloom, those visited during the second buoy track corresponded to the peak of 
a bloom and those visited during the third buoy track corresponded to the end of
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a bloom (Iennaco, 2004).
Mesozooplankton communities were dominated by Clausocalanus, which was 
mainly represented by copepodids indicating continuous recruitment throughout 
the area in that season, as also observed by Razouls and Kouwenberg (1993) in 
the offshore area of the Gulf of Lions and by Andersen et al. (2001b,a) in offshore 
waters of the Ligurian Sea. C. pergens outnumbered all other species as adults. 
This species was concentrated in the upper 50 m layer except when mixing took 
place and it occupied the whole water column. The highest abundances were ob­
served in late March and mid-April, at the end of the phytoplankton bloom when 
phytoflagellates and small dinoflagellates were more abundant and the water col­
umn was in stratified calm conditions. Small scale turbulence enhances encounter 
rates between copepods and prey (Ki0rboe and Saiz, 1995) but in such conditions 
C. pergens might not compete with filter feeding copepods. In calm conditions, 
during the season of its maximum occurrence, C. pergens may be favoured over 
other small calanoids likely due to ability in exploiting small patches of food items, 
as recently hypothesized for C. furcatus (Uttieri, 2006).
Adult C. pergens females showed a wide size range but that was not observed 
in males. Largest females reached the size of small C. parapergens females. Large 
C. pergens specimens were also observed by Williams and Wallace (1975) in the 
North Atlantic Ocean. In the Ligurian Sea, Andersen et al. (2001a) reported 
Clausocalanus among the most abundant copepods in May, constituted by C. per­
gens /  C. parapergens, which suggests uncertainty in taxonomic identification likely 
due to size variability as in our observations. The body size distribution of adult 
females is sometimes bimodal or polymodal indicating that females with prob­
able different origins co-occur. Overwintering populations can persist in spring 
and mix with adults of successive generation, which would be smaller because a
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decrease in body size is generally observed with increase of environmental temper­
ature. Also development time becomes shorter when environmental temperature 
increases. Development and growth are somewhat decoupled and development is 
more temperature sensitive than growth, hence size changes with changing tem­
perature. Changes in temperature contribute to overlapping in the body size of 
the cohorts (Mauchline, 1998). When observing C. arcuicornis populations in the 
Gulf of Marseille, Gaudy (1972) noticed a reduced size in individuals developed 
in warm autumnal waters in comparison with larger individuals developed during 
the cold winter period. During our surveys in the spring of 2003, large range of 
body size in C. pergens was noticed since the first station, and it was the only 
species showing such feature.
Short-term changes observed in the vertical distribution of Clausocalanus 
could have been due to direct (mechanical) or indirect (dilution of food envi­
ronment) causes related to the occurrence of strong winds in the area. Such 
meteorological events and the generated Ekman pumping, induced a deepening of 
the mixed layer and a dilution of the phytoplankton biomass in the water column. 
Abrupt changes in the vertical distribution of small-size zooplankton and in com­
munity composition was also observed by Andersen et al. (2001b) in the Ligurian 
Sea as a consequence of strong wind events in a late spring.
In synthesis, in the spring eutrophic conditions occurring in the northwestern 
Mediterranean in 2003, the copepod assemblages in the upper 200 m water column 
were dominated by Clausocalanus, which in turn were mostly represented by 
C. pergens. C. paululus, C. arcuicornis and C. lividus occurred at tenfold lower 
abundance than C. pergens. All four species were mainly concentrated in the 
upper 50 m layer and deepened as a probable consequence of wind-induced mixing 
during strong meteorological events. The remaining four Clausocalanus species
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occurred only sporadically. The Clausocalanus assemblage was more diverse when 
heterotrophic phytoplankton was more important and the thermocline appeared. 
The omnivorous Clausocalanus species seem to be successfully adapted to exploit 
the stratified water column.
3.3. C o m p ariso n  of Clausocalanus d is t r ib u ­
tio n  in o ligo troph ic  a n d  e u tro p h ic  reg im es
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Figure 3.18. Surveyed areas in the Mediterranean Sea for the present Clau­
socalanus study.
The surveys conducted in the Ionian Sea (EMED) and in the North Balearic 
Sea (NWMED)(Fig. 3.18) allowed to compare the spring distribution of Clauso­
calanus in open environments with very different trophic conditions. The com­
parison that is presented here is based on abundance and species composition 
integrated in the upper 100 m of the water column. In the same spring period in 
two successive years, the upper 100 m water column in the EMED (2002) and in 
the NWMED (2003) differed in temperature (about 2.3°C warmer the EMED) and 
in the estimated quantity of autotrophic biomass (1.2 f.u. richer the NWMED).
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In the oligotrophic Ionian Sea, Clausocalanus abundance was tenfold lower on 
average than in the eutrophic North Balearic Sea (Fig. 3.19a). However, notwith­
standing this remarkable difference, this genus accounted for similarly relevant 
percentages of copepod abundance in both regions (34.7 ±  14.3% in the Ionian 
Sea, 38.8±  16.1% in the North Balearic Sea) (Fig. 3.19b).
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Figure 3.19. Comparison of Clausocalanus abundance and composition in 
spring conditions in two different trophic regimes: eutrophy in the north­
western Mediterranean (NWMED, North Balearic Sea, March-April 2003), 
oligotrophy in the Eastern Mediterranean (EMED, Ionian Sea, March-April 
2002). Abundance (a), percentage contribution to total copepods (b), popu­
lation composition (c) and species composition (d) in the upper 100 m water 
column.
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In oligotrophic conditions, adult females and juveniles contributed similarly 
to population structure and males were very scarce, while in eutrophic condi­
tions, juveniles dominated and males were more representative (Fig. 3.19c). This 
difference in population structure among sites was significant (ANOVA, p<0.001).
At the species level, C. paululus dominated in oligotrophic conditions (55.4 
±20.3%), while C. pergens dominated in eutrophic conditions (78.2 ±  11.2%). 
The other six Mediterranean Clausocalanus species make up all together 43.0% of 
adult females in the EMED and only 11.8% in the NWMED. While C. arcuicornis 
and C. lividus were representative in both regions, C. furcatus, C. jobei and 
C. parapergens contributed only in oligotrophic conditions.
Significant differences were observed between sites in C. pergens abundances 
(Fig. 3.20; t-test, p<0.001), but not in C. paululus (t-test, p>0.05). The third and 
fourth most abundant species in both regions were C. arcuicornis and C. lividus, 
which were more abundant in the NWMED than in the EMED (16.6 and 6.2ind. 
m~3 in the NWMED, and 6.3 and 3.9 ind. m-3 in the EMED, respectively) 
but significant difference between sites was observed only for C. arcuicornis (t- 
test, p<0.001). C. furcatus, C. jobei and C. parapergens were significantly more 
abundant in the EMED (3.5, 2.9 and 3.1 ind. m-3 , respectively) and only occa­
sionally recorded in the NWMED (0.2, 0.7 and 0.2 ind. m-3 , respectively)(t-test, 
p<0.001). C. mastigophorus was by far the least abundant Clausocalanus species 
in both regions, especially in the NWMED where it was only observed in one 
station (0.04±0.2 ind. m-3 in the NWMED, 0.9±0.8 ind. m-3 in the EMED).
In synthesis, this comparative analysis highlighted the importance of the small­
est Clausocalanus species in the spring epipelagic copepod assemblages, both in 
the Ionian Sea (C. paululus) and in the North Balearic Sea (C. pergens). The two 
species co-occurred in both regions, but their distribution patterns showed clearly
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Figure 3.20. Clausocalanus species abundance in two different trophic con­
ditions: the eutrophic North Balearic Sea (NWMED) (black histograms) and 
the oligotrophic Ionian Sea (EMED)(striped histograms).
that C. paululus prevails in oligotrophic conditions, while C. pergens prevails in 
eutrophic conditions.
CHAPTER 4
Latitudinal distribution in the 
Atlantic Ocean
In the Atlantic Ocean, the Atlantic Meridional Transect (AMT) programme 
performs biological, chemical and physical oceanographic research during the pas­
sage of the RRS Discovery between the UK and Cape Town or the return passage 
of the RRS James Clark Ross between the UK and the Falkland Islands. This 
transect is up to 13,500 km long and crosses a wide range of ecosystems: from sub­
polar to tropical, from eutrophic shelf areas and upwelling systems to oligotrophic 
mid-ocean gyres. Starting in 1995, the scientific aims of the AMT programme 
are assessing mesoscale to basin scale phytoplankton processes, the functional in­
terpretation of bio-optical signatures and the seasonal, regional and latitudinal 
variations in mesozooplankton dynamics (Robins and Aiken, 1996). During the 
second part of the programme (2002-2006) aims were broadened to address a suite 
of cross-disciplinary questions concerning ocean plankton ecology and biogeochem­
istry and their links to atmospheric processes. Such objectives included the deter­
mination of how 1) the structure, functional properties and trophic status of the 
major planktonic ecosystems vary in space and time, 2) physical processes control 
the rates of nutrient supply, including dissolved organic matter, to the planktonic 
ecosystem, and 3) the atmosphere-ocean exchange and photodegradation influence 
the formation and fate of organic matter (http://www.pml.ac.uk/amt/index.htm).
Dr. R. Harris invited me to participate to the AMT programme to contribute
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to hypothesis 1: “The size spectra, and mineralisation capacity of planktonic 
organisms are major determinants of CO2 and organic matter export to the atmo­
sphere and deep water” (lead investigators: Dr. X. Irigoien, AZTI and Dr. R.P. 
Harris, PML).
The study of Clausocalanus species distribution along the AMT latitudinal 
transect combined with in situ egg production experiments (reported in Part II) 
was aimed at 1) investigating Clausocalanus niches over a broad latitudinal scale 
and comparing them with those distributions observed in the Mediterranean Sea, 
and 2) comparing reproductive parameters with those recorded in the Mediter­
ranean Sea and to further estimate secondary production of this important genus 
along a latitudinal transect.
The AMT-15 track between the UK and South Africa spans the UK conti­
nental margin, the Porcupine and Iberian Plain, the Canary Basins and the Cape 
Verde plateau in the North East Atlantic, the Mid-Atlantic Ridge, the Brazil 
basin, the Mid-Atlantic Ridge, the Walvis Ridge and the Cape basin.
According to global data set of the seasonal CZCS seasurface chlorophyll fields 
analysed by Longhurst et al. (1995); Longhurst (2006), there is a biogeochemical 
partitioning of the world oceans into different provinces. During AMT-15, eight 
provinces were crossed (Fig. 4.1).
• NECS Northeast Atlantic Continental Shelf. From the narrow shelf of west­
ern France, north across the British shelf and North Sea, and including also 
the Baltic Sea where there is seasonal ice cover.
• NADR North Atlantic Drift. Comprises the North Atlantic Current, ly­
ing south of the Oceanic Polar Front and of the Subarctic Front over the 
Iceland-Faeroe Ridge. To the south, the separation from the northern limb 
of the subtropical gyre lies at «40°N.
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Figure 4.1. Biogeochemichal provinces in the Atlantic Ocean (modified from 
Longhurst et al., 1995) crossed during AMT-15. NECS-Northeast Atlantic 
Continental Shelf, NADR-North Atlantic Drift, NAST-North Atlantic Sub­
tropical Gyre (West and East), CNRY-Canary Current Coastal, NATR-North 
Atlantic Tropical Gyre, WTRA-Western Tropical Atlantic, SATL-South At­
lantic Tropical Gyre, SSTC-South Subtropical Convergence.
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• NAST North Atlantic Subtropical Gyre (West and East). Comprises the 
central gyre of the North Atlantic polewards of the subtropical convergence. 
The mid- Atlantic Ridge constrains the main recirculation gyre within the 
western basin, and the biological properties of the eastern and western basin 
are such as to support Longhurst et al. (1995); Longhurst (2006) subdivision 
into two provinces.
• CNRY Canary Current Coastal. Comprises the seasonally varying regions 
of coastal upwelling from Cape Finisterre (43°N) to Cap Vert at 15°N, and 
extending seasonally to the Bissagos Islands at 11°N.
• NATR North Atlantic Tropical Gyre. Comprises the central gyre south of 
the subtropical convergence zone to the limit of westerly flow along the ther- 
mocline ridge at «10°N marking the northern edge of the North Equatorial 
Countercurrent (NECC).
• WTRA Western Tropical Atlantic. The region west of the mid-Atlantic 
Ridge and between the 10°N thermocline ridge and the subtropical conver­
gence zone.
• SATL South Atlantic Tropical Gyre. Comprises the South Equatorial Cur­
rent where it forms the equatorward limb of the central gyre.
• SSTC South Subtropical Convergence. The most northerly of the annular 
features of the Southern Ocean. The frontal zone is sufficiently dynamic 
to have an associated eddy field and includes several surface discontinuity 
fronts.
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4.1. Materials and methods
AMT-15 was conducted on board the Royal Research Ship Discovery (cruise 
284) from 17th September to 29th October 2004. RRS Discovery sailed from 
Southampton (UK), made a brief port call into Santa Cruz de Tenerife on 27th 
September (Canary Islands), surveyed the upwelling area in front of the Moroccan 
coast from 30th September to 3rd October, and arrived in Cape Town (South 
Africa) on 28th October (Fig. 4.2).
Along the transect, 72 stations were visited and 105 CTD deployments were 
made between 48.75°N and 40.0°S (Fig. 4.2).
Mesozooplankton samples were collected at 35 stations (Table 4.1, Fig. 4.2), 
always at night (together with pre-dawn CTD casts; between 02:00 to 03:00 GMT) 
in the upper 200 m of the water column, except at the shallow Stn 1 and Stn 26 
(50 m) and at Stn 4 due to technical problems (125 m).
Quantitative mesozooplankton samples were collected by vertical hauls with 
a double WP-2 net (57 cm mouth diameter and 200 pm mesh) equipped with a 
filtering cod-end. Zooplankton samples were fixed with 4% buffered formaldehyde- 
seawater solution and analysed later in the laboratory under a dissecting stere­
oscope using a Bogorov chamber. At least 1/22 of the entire sample was ana­
lyzed taking repeated aliquots with a large mouth graduate syringe after accurate 
mixing (modified Stempel pipette method). Clausocalanus adults (females and 
males) were identified and counted at species level according to Frost and Flem- 
inger (1968), while copepodid stages (mainly stage III-V, retained by the 200 pm 
mesh) were identified and counted at genus level.
Qualitative information on number of females carrying spermatophores or sac 
remains and number of spermatophores per female was also collected as an esti­
mation of reproductive index.
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Table 4.1. AMT-15 stations surveyed for mesozooplankton collection. Col­
lection time is reported in Coordinated Universal Time (UTC), a high- 
precision atomic time standard.
Stn COORDINATES DATE TIME SONIC
Latitude Longitude (dd/m m /yy) (UTC) DEPTH (m)
1 48°44.06 N 7°50.25 W 19/09/04 1:46 150
4 47°54.92 N 14°36.90 W 21/09/04 1:50 4599
6 45°59.08 N 18°23.73 W 22/09/04 2:40 4069
8 42°32.93 N 19°50.28 W 23/09/04 2:11 5258
10 38°53.85 N 20°21.07 W 24/09/04 2:10 4509
12 35°05.98 N 20°51.10 W 25/09/04 2:08 5197
14 31°15.59 N 20°42.96 W 26/09/04 2:10 4838
16 29°07.67 N 16°57.97 W 27/09/04 2:07 5176
18 23°33.26 N 19°59.34 W 29/09/04 2:06 3846
20 21°22.27 N 18°49.54 W 30/09/04 2:03 3071
23 21°41.13 N 17°50.39 W 01/10/04 2:04 1004
26 21°20.39 N 17°20.34 W 02/10/04 2:25 75
29 21°18.18 N 18°34.77 W 03/10/04 2:07 2737
30 17°49.84 N 20°52.60 W 04/10/04 2:00 3117
32 14°18.01 N 21°45.13 W 05/10/04 2:05 4303
34 10°59.91 N 22°30.50 W 06/10/04 2:05 5089
36 07°50.55 N 23°13.73 W 07/10/04 2:06 4541
38 04°45.35 N 23°55.46 W 08/10/04 2:05 4375
39 02°30.48 N 24°26.07 W 09/10/04 2:37 4066
41 00°03.91 N 24°58.96 W 10/10/04 2:15 4237
44 06°50.81 S 25°00.34 W 12/10/04 2:07 5601
46 10°25.09 S 24°59.79 W 13/10/04 2:09 5195
48 14°10.62 S 24°59.71 W 14/10/04 2:09 4866
50 17°57.17 S 24°59.99 W 15/10/04 2:07 5366
52 20°38.30 S 23°40.32 W 16/10/04 2:06 5429
54 21°55.39 S 20°58.93 W 17/10/04 2:05 5201
56 23°33.88 S 17°30.26 W 18/10/04 2:04 4102
58 25°14.04 S 13°55.42 W 19/10/04 2:10 3073
60 26°53.11 S 10°20.19 W 20/10/04 2:04 3793
62 28°35.04 S 06°34.36 W 21/10/04 2:08 4172
64 31°08.47 S 03°55.29 W 22/10/04 1:08 4452
66 34°30.87 S 01°22.75 W 23/10/04 1:12 4393
68 37°49.66 S 01°13.55 E 24/10/04 1:05 4983
70 40°00.07 S 05°00.80 E 25/10/04 1:06 5001
72 40°00.91 S 10°01.59 E 26/10/04 1:10 4898
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Figure 4.2. AMT-15 cruise track with the stations surveyed for mesozoo­
plankton collection overlaid onto SeaWiFS chlorophyll composite for Septem­
ber 2004. Area surveyed at the North West African Upwelling enlarged. Bio­
geochemical provinces crossed during the cruise according to Longhurst et al. 
(1995) and Longhurst (2006): NECS Northeast Atlantic Continental Shelf; 
NADR North Atlantic Drift Province; NAST North Atlantic Subtropical 
Gyral Province; NATR North Atlantic Tropical Gyral Province; CNRY Ca­
nary Current Coastal Province; WTRA Western Tropical Atlantic Province; 
SATL South Atlantic Gyral Province; SSTC South Subtropical Convergence 
Province.
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Environmental parameters were recorded in the upper 300 m using a Seabird 
9/11+ CTD system with a SBE 32 Carousel fitted with 24 by 20 1 Ocean Test 
Equipment (Niskin type) external spring water bottles. Environmental data were 
provided by the Natural Environment Research Council (NERC) personnel and 
are available at the British Oceanographic Data Center (BODC). Chi a concen­
trations measured at discrete depths along the transect (kindly provided by Dr. 
A. Poulton and Dr. P. Holligan and available at BODC) were also used together 
with CTD data to identify environmental provinces.
4.2. Results
Environmental parameters
Vertical profiles of temperature, salinity (Fig. 4.3a) and fluorescence as well 
as Chi a measurements in the water column (Fig. 4.3b), showed environmental 
gradients according to the different regions crossed during the AMT-15 cruise.
The first surveyed station (Stn 1) was in the Celtic Sea, on the European 
continental shelf, at ca. 275 km to the west of the western mouth of the English 
Channel near the shelf break (Fig. 4.2). The mixed layer at Stn 1 was in the 
upper 50-60 m, deeper at Stn 4 (in the upper 76-86 m), but from Stn 6, across 
the north Atlantic gyre and until the upwelling area (Stn 23) it maintained in the 
upper 40-60 m (Fig. 4.3a, 4.4a). At Stn 26, the mixed layer was shallower (upper 
20-30 m) and upwelling water was about 2-3°C colder and >1 psu more saline 
than the nearest stations (Stn 23 and Stn 29). The mixed layer reappeared in the 
upper 50 m at Stn 29 (same coordinates as Stn 20) deepening southward until 
140-150 m at Stn 46 located at the edge of the south Atlantic gyre (Fig. 4.3a, 
4.4a). In the south Atlantic gyre, the mixed layer remained at this depth or even
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deeper (160-170 m). From Stn 64 to the end of the cruise (Stn 72), the mixed 
layer was deeper than 200 m (Fig. 4.3a, 4.4a).
Temperature in the mixed layer was 16.6°C (±0.3) at Stn 1, decreased at 
Stn 4 (16.0°C; ±0.8), increasing again from Stn 6 (18.3±0.5°C) to Stn 14 
(24.4 ±  0.5°C). From Stn 14 to Stn 18, temperature in the mixed layer remained 
above 24°C. In the upwelling region, temperature of the water in the mixed layer 
decreased to around 23°C at Stn 20 and Stn 29 (same coordinates), to 20.9°(±  0.7) 
at Stn 23 and 19.1°C (±0.8) at Stn 26 (Fig. 4.4b). At Stn 30, temperature in 
the mixed layer was 26.5°C (±0.4) increasing one degree per station, reaching 
the maximum value at Stn 34 (28.6 ±  0.5°C). Temperature in the mixed layer 
remained above 26°C until the equator (Stn 41). After that, temperature in 
the mixed layer decreased gradually until it reached minimum values that were 
recorded along the transect (Stn 70: 10.0 ±  0.7°C). It increased about 2 degrees 
at Stn 72 (Fig. 4.4b). Below the mixed layer, mean temperature recorded until 
300 m (except at shallow stations) ranged from 8.5 to 18.3°C (Fig. 4.4b).
Salinity above the mixed layer showed a similar pattern as temperature at 
these stations before the upwelling region. It gradually increased from Stn 1 
(35.4 ±0.01 psu) to Stn 14 (37.1 ±0.4 psu) where it reached a first peak value. It 
decreased slightly during the next three stations, showing a strong decrease in the 
upwelling region (Stn 20 to Stn 29). At Stn 26, water in the mixed layer was more 
saline than at the adjacent stations (Fig. 4.4c). From Stn 30 to Stn 44, salinity was 
below 36.5 psu, reaching its minimum value at Stn 38 (35.3 ±0.6 psu). After the 
equator (Stn 44) salinity rapidly increased with a peak at Stn 50 (37.1 ±0.1 psu). 
After that, salinity in the mixed layer decreased constantly until reaching the 
minimum recorded for this layer (Stn 70: 34.5 ±0.1 psu) (Fig. 4.4c). At Stn 72, a 
strong decrease in salinity was observed in the upper 10-12 m of the water column
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(30.1 psu) (Fig. 4.3a). Salinity recorded below the mixed layer was equal to those 
recorded above the mixed layer at the cold stations (Stns 1, 4, 68-72), or slightly 
lower until the equator where the difference increased considerably in the center 
of the south Atlantic gyre (from 0.9 to 1.4 psu of difference)(Fig. 4.4c).
Chi a was concentrated in the mixed layer (50 m) at the first two stations 
(Stn 1: 0.53 ±0.03 fig Chi a L_1), then Chi a concentration decreased in the 
mixed layer away from the continental shelf and entering the north Atlantic gyre 
(from 0.2 fig Chi a L-1 at Stn 6 to 0.1 fig Chi a L-1 at Stn 16). A clear DCM 
appeared below the mixed layer at 50 m at Stn 6 (0.7 fig Chi a L-1) then it 
deepened southward down to 115 m at Stn 16 (0.2 fig Chi a L_1), rising again 
to 50 m at Stn 18 (0.5 fig Chi a L_1)(Fig. 4.3b and Fig. 4.4d). From Stn 20 to 
Stn 26, Chi a was concentrated in the upper 30 m of the water column, increasing 
from 0.6 fig Chi a L-1 (±0.2) at Stn 20 to 6.1 ±2.9 fig Chi a L-1 atStn 26, 
the shallowest station in the upwelling region (Fig. 4.3b and Fig. 4.4d). DCM 
reappeared at 45 m at Stn 29 where high Chi a concentration was measured 
(1.4 fig Chi a L-1) (Fig. 4.3b). From Stn 30 to the equator (Stn 41), Chi a 
concentrations in the mixed layer ranged from 0.1 to 0.2 fig Chi a L-1 , while 
those measured at the DCM between 50-70 m ranged from 0.3 to 0.5 fig Chi a 
L-1 and were located (Fig. 4.3b, 4.4d). Once we had crossed the equator, Chi a 
concentration in the mixed layer ranged from 0.1 to 0.03 fig Chi a L-1 ; in the 
DCM that was located below 100 m (down to 180 m at Stn 56 in the middle of 
the south Atlantic gyre), Chi a concentrations ranged from 0.2 to 0.3 fig Chi a 
L-1 (Fig. 4.3b, 4.4d). Chi a was homogeneously distributed in the water column 
(down to 80 m) from Stn 68 to Stn 72, ranging from 0.3 to 0.4 fig Chi a L-1 
(Fig. 4.3b, 4.4d).
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Figure 4.4. (a) Mixed layer depth (calculated according to the temperature 
criterion, it is the depth at which the temperature change from the surface 
temperature is 0.5°C; continuous line) and deep chlorophyll maximum depth 
(open circles) recorded along AMT-15 cruise, (b) Mean values of recorded 
temperature in the mixed layer (continuous line) and below the mixed layer 
(discontinuous line), (c) Mean values of recorded salinity in the mixed layer 
(continuous line) and below the mixed layer (discontinuous line), (d) Chi a 
concentration measured in the mixed layer (line) and at the DCM (open 
circles).
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Claus ocalanus
Clausocalanus was more abundant in the Northern hemisphere, showing the 
major peak at Stn 8 (360.4 ind. m~3)(Fig. 4.5a). Its abundance decreased tenfold 
in the northern gyre (Stns 10-16; 38.1 ±22.8 ind. m-3). Clausocalanus abundance 
showed a second peak South of the Canary Islands (Stn 18, 186.5 ind. m-3), 
it increased through the upwelling area (Stn 26, 116.3 ind. m-3), and showed 
a third peak outside the upwelling area (Stn 30, 257.2 ind. m-3), then it de­
creased fourfold on average at the next five stations (Stns 32-39, 64.6 ±  24.4 ind. 
m-3). At the equator, Clausocalanus showed a fourth peak in abundance (Stn 41, 
163.9 ind. m-3). At the following two stations, its abundance was similar to 
that recorded at the five stations surveyed north the equator. In the south At­
lantic gyre (Stns 48-66), Clausocalanus abundance reached its minimum values 
(25.5 ±9.5 ind. m-3). A sudden increase of the genus abundance occurred at 
Stn 68 and Stn 70 (106.1 ±  8.9ind. m~3) before decreasing at the last station 
(Stn 72, 27.7 ind. m-3).
The genus Clausocalanus represented on average 22.7% ( ±  11.2) of total cope- 
pod abundances along the transect. Its contribution was lower at coastal stations 
(7.6% at Stn 1 and 9.4% Stn 26) and was maximum in the north (up to 57% at 
Stn 8) (Fig. 4.5b). Peaks of Clausocalanus relative contribution were in accordance 
with abundance peaks. The genus relative contribution described a Gaussian bell 
shape around the peaks, except at the equator. Despite the fact that Clausocala­
nus abundance in the southern gyre was the lowest observed along the transect, 
its relative contribution from the equator (Stn 41) to the southernmost station but 
one (Stn 70) was on average 23.4% (±6.0). Genus contribution at the southern 
station was low (Stn 72; 10.4%) as at the coastal stations (Stn 1 and Stn 26).
Clausocalanus population mainly consisted of adult females (49.8 ±12.0%)
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Figure 4.5. AMT-15 cruise: (a) Clausocalanus abundance; (b) Clausoca­
lanus relative contribution on total copepods; (c) Clausocalanus population 
structure; (d) Clausocalanus species composition (adult males and females). 
Data is reported for each sampled station and its latitude is indicated in axis 
at the bottom of the figure.
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and copepodids (44.0 ±  11.7%). Females predominated in the gyres and subtrop­
ical stations (Stn 32-46) reaching up to 70.2% of relative contribution at Stn 52 
(Fig. 4.5c), while copepodids predominated in the northern and southern part of 
the transect and at Stn 48, reaching their maximum contribution at the last sta­
tion (Stn 72, 75.1%). Males represented on average 11.2% ( ±  8.2) of Clausocalanus 
adult populations. They accounted for up to 39.8% at Stn 26 (in the upwelling 
area) and 24.6% at the equator (Stn 41), reaching a minimum contribution in the 
South Atlantic gyre (2.0%).
Eleven Clausocalanus species were found along the transect: eight had a wide 
range of latitudinal distribution (C. paululus, C. pergens, C. furcatus, C. ar- 
cuicornis, C. jobei, C. parapergens, C. lividus, and C. mastigophorus) while three 
species were observed only in the south Atlantic (C. ingens, C. brevipes, and 
C. laticeps). Three species were the most representative along the tran­
sect and accounted for 85.1% of total adult (females and males) Clausocalanus 
(Fig. 4.5d): C. furcatus 35.7% (±34.5), C. paululus 28.9% (±29.2) and C. pergens 
20.5% (±26.8). Less common species were C. jobei (5.8 ±18.0%), C. arcuicor- 
nis (4.3 ±5.9%), C. parapergens (2.2 ±3.0%), C. mastigophorus (1.0 ± 1.6%), 
C. lividus (0.5±1.7%), C. brevipes (1.0 ± 6.2%). C. laticeps and C. ingens were 
very rare (0.03 and 0.01%, respectively).
C. furcatus relative contribution reached up to 99.3% at the equator (Stn 41; 
Fig. 4.5d) and it was the dominant species from Stn 30 to Stn 46. C. paululus rep­
resented 37.6% ( ±  12.4) of Clausocalanus species from Stn 6 to Stn 16. It was the 
most representative species in the south Atlantic gyre (Stns 50-64, 72.8 ±  13.7%) 
accounting up to 87.5% of Clausocalanus species at Stn 60. C. pergens was mostly 
represented in three regions: the northern non continental stations (Stns 4-8), the 
upwelling area (Stns 20-29) and the southern stations (Stn 66-72). C. jobei was
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Figure 4.6. (a) Abundance of C. paululus, C. pergens and C. furcatus
(females in grey and males in black) along the AMT-15 transect.
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Figure 4.6 (b) Abundance of C. jobei, C. parapergens and C. arcuicomis 
(females in grey and males in black) along the AMT-15 transect.
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Figure 4.6 (c) Abundance of C. lividus, C. mastigophorus and C. brevipes 
(females in grey and males in black) along the AMT-15 transect.
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Figure 4.7. AMT-15 cruise. Clausocalanus species M:F sex-ratio.
the unique species occurring on the continental shelf (Stn 1), and represented 
38.9% at Stn 26 (where the remaining 61.1% was represented by C. pergens) also 
located on the continental shelf. No other species among the least representative 
ones reached more than 20% of relative contribution at any station, except C. bre­
vipes which represented 36.6% of Clausocalanus species at Stn 72, the only station 
where it was found (Fig. 4.5d).
C. paululus was the third most abundant species along the transect (mean 
abundance 8.2 ± 12.2ind. m_3)(Fig. 4.6a). It was absent at the two northernmost 
stations (Stn 1 and Stn 4), showing its highest abundance in the north Atlantic 
drift (Stn 6 and Stn 8, mean abundance 51.7 ind. m-3, ±  13.5). Then, it suddenly 
decreased to 4.9 ind. m-3 ( ±  3.9) over the rest of the north Atlantic being absent 
in the upwelling area (Stn 26 and Stn 29) and near the equator (Stn 39) while it 
was the most abundant species in the south Atlantic gyre (from Stn 48 to Stn 64 
its abundance was 10.1 ind. itT3, ±4.6). Males were most abundant in the north
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Atlantic (at Stn 6 and Stn 8, 1.8 ind. m~3 at each station). This species showed 
the lowest M:F sex-ratio (maximum at Stn 20, 0.1) (Fig. 4.7).
C. pergens was the second most abundant species (11.6 ±19.4 ind. m-3 in 
mean abundance) (Fig. 4.6a). This species was more abundant in three regions: in 
the north Atlantic drift (Stns 4-8, 59.5 ±14.9 ind. m-3), in the upwelling region 
(Stn 23 and 26, 40.2 ±0.6 ind. m-3 ; being the most abundant species at Stn 26 
where only two Clausocalanus species occurred) and at the southernmost stations 
of the transect (Stn 68 and 70, 35.3 ±6.7 ind. m~3). This species was absent 
in the north Atlantic drift (Stn 1 and Stn 12) and in the south Atlantic gyre 
(Stn 46-62). Males were maximum at the north Atlantic drift and at the coastal 
upwelling station (Stn 4 and 26, 14.9 and 13.9 ind. m-3 , respectively), showing at 
the last site the highest M:F sex-ratio (0.5)(Fig. 4.7).
C. furcatus was the most abundant species along the transect (mean abun­
dance 16.9 ±28.1 ind. m-3) reaching the highest abundance at the equator 
(Stn 41, 125.4 ind. m_3)(Fig. 4.6a). This species was mostly concentrated in 
the tropical region (from Stn 30 to Stn 46) and was absent only at the coastal 
stations (Stn 1 and 26) and at the southernmost stations (Stn 68-72). Male abun­
dance was highest at the equator (Stn 41; 31.0 ind. m-3) while the highest M:F 
sex-ratio was observed in the south Atlantic gyre (Stn 62, 1.0)(Fig. 4.7).
Among the least abundant species, C. jobei and C. arcuicomis presented 
similar mean abundance along the transect (2.7±6.1ind. m-3 , and 2.6 ±7.3 ind. 
m-3 , respectively) but had different distributions (Fig. 4.6b). C. jobei showed 
its peak abundance at the northernmost station on the continental shelf (Stn 1, 
35.6 ind. m-3 , the only species that occurred at this station) and at the coastal 
station in the upwelling area (Stn 26, 25.3 ind. m-3 the second most abundant 
species of the two that occurred at this station). In the northern part of the
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transect, C. jobei almost disappeared after its peak abundance (0.7 ind. m-3 at 
the north of the upwelling and 3.8 ind. m-3 after the upwelling). At the southern 
part of the transect, C. jobei was observed at one station at very low abundance 
(Stn 64, 0.08 ind. m-3). Maximum C. jobei male abundance and maximum M:F 
sex ratio were recorded at the upwelling coastal station (Stn 26, 12.0 ind. m~3 
and 0.9, respectively) (Fig. 4.7).
C. arcuicomis showed its peak abundance in the north Atlantic (Stns 4-10, 
maximum abundance 31.3 ind. m-3 at Stn 8; Fig. 4.6b). In the northern part 
of the transect, C. arcuicomis showed a strong population decline after Stn 10, 
increasing again at the boundary stations near the upwelling region (Stns 18 
and 30). At the southern part of the transect, C. arcuicomis was present in 
the southern Atlantic gyre (mean abundance 0.4 ±0.5 ind. m“ 3). Maximum 
C. arcuicomis male abundance was recorded in the north Atlantic drift (Stn 6, 
2.1 ind. m-3) as well as the maximum M:F sex-ratio values (Stn 14, 1.0) (Fig. 4.7).
C. parapergens (mean abundance 0.8 ± 1.6 ind. m-3) showed two peaks in 
abundance: the first in the upwelling area (Stn 23) and a second one in the 
tropical Atlantic region (Stn 30) (7.4 and 5.9 ind. m-3 , respectively) (Fig. 4.6b). 
It was present at the beginning and at the end of the south Atlantic gyre at low 
abundance where it showed a third small peak abundance at Stn 68 (3.64 ind. 
m-3). C. parapergens male maxima were observed in accordance with population 
peaks (Stn 23 and 30, 1.2 ind. m-3 , each) while the maximum M:F sex-ratio was 
observed in the south Atlantic gyre (Stn 60, 1.0)(Fig. 4.7).
C. lividus (mean abundance 0.5 ±2.4 ind. m-3) was present at six stations: 
at three in the north (Stns 6-10) where abundance was highest (Stn 8, 14.5 ind. 
m-3), and at three stations in the south (Stns 58-64 but 62) where it was scarce 
(0.3 ±0.3 ind. m_3)(Fig. 4.6c). C. lividus males maximum occurred in the north
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Atlantic gyre (Stn 8, 1.2ind. m-3) while the maximum M:F sex-ratio was observed 
in the south Atlantic gyre (Stn 58, 1.0) (Fig. 4.7).
C. mastigophorus (mean abundance 0.3 ±  0.8 ind. m-3) had its peak abun­
dance at the same stations as C. parapergens (Stns 23 and 30, 4.0 and 2.7 ind. 
m-3 , respectively) (Fig. 4.6c). It was present in the south Atlantic gyre where it 
was very scarce (Stns 48-62, 0.4±0.1 ind. m-3). Male were most abundant at the 
population peak (Stns 23 and 30, 1.6 ind. m-3 and 0.9 ind. m~3, respectively) 
where at the first station the maximum M:F sex-ratio was observed (0.7).
C. brevipes and C. laticeps were only present at Stn 72 at low abundance (2.8 
and 0.1 ind. m-3 , respectively) while C. ingens was only observed at Stn 70 at 
very low abundance (<0.1 ind. m-3). No males were observed in any of these 
three species.
The cluster analyses showed that physical (temperature and salinity) and bio­
logical (chlorophyll concentration and deep chlorophyll maximum depth) param­
eters in the mixed layer during the cruise fit with the biogeochemical provinces 
described on previous AMT cruises whose tracks overlapped with AMT-15 (mainly 
in the northern hemisphere Hooker et al, 2000) and with those described at global 
scale (Longhurst et al., 1995; Longhurst, 2006) despite using data from the mixed- 
layer rather than from the surface (Fig. 4.8, 4.9). Four main clusters were revealed. 
Latitude played a marked role to further subdivision into provinces. The observed 
differentiation among clusters and intra-clusters was due both to local circulation 
features and structure of Clausocalanus assemblages, and mostly reproduced the 
separation among biogeochemical provinces (here presented from north to south):
• North European Coastal province (NEC) (Stn 1, Cluster III) showed similar 
environmental features as the next four stations (Stn 4-10), but Stn 1 was 
located on the edge of the European continental shelf. Despite the fact that
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it was characterized by North Atlantic Drift water (NADRw) that advected 
into the area (as was observed during AMT-1; Hooker et al. 2000), it was 
not exactly the North Atlantic Drift (NADR) province having completely 
different Clausocalanus species. C. jobei was the only species occurring at 
this station. This species did not occur again until near the Canary Is­
lands but only at high concentrations at the coastal station in the upwelling 
system. The presence of this coastal species indicates that Stn 1, still be­
longed to the North European Coastal province (NEC Longhurst et al, 
1995; Longhurst, 2006).
• North Atlantic Drift province (NADR) (Stns 4-10, Cluster III) is affected by 
high wind speed in autumn and winter, deepening the mixed layer through 
the seasons. During AMT-15, we were affected by the remains of the Hurri­
cane Ivan that generated heavy sea (force 9 waves) in the area. Mixed layer 
at stations occupied by the NADRw were characterized by low temperatures 
(18.4 ±2.3°C), mid salinity (35.8±0.3 psu) and high Chi a concentrations 
(0.34 ±0.24 fig Chi a L-1) with the occurrence of a DCM at 40-75 m, lying 
progressively deeper to the south. The highest adult Clausocalanus abun­
dance on the whole transect was recorded in this province. At species level, 
C. paululus and C. pergens had their peak abundance in this province (>50 
ind. m~3). While C. paululus was absent at the northernmost station of the 
province and concentrated in the center, C. pergens abundance decreased to 
the south where both species had low abundance (5-10 ind. m-3). There, 
C. furcatus appeared (15 ind. m-3). Species C. arcuicomis and C. lividus 
were also present, showing their peak abundance at Stn 8 (30 and 15 ind. 
m-3 , respectively). C. parapergens and C. mastigophorus were scarce (<1 
ind. m~3), occurring only at the northernmost station (Stn 4).
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• North Atlantic Subtropical Gyre (East) province (NAST-E) (Stns 12-16, 
Cluster I). Cold fronts in autumn erode the seasonal thermocline in this 
area. Temperature in the mixed layer was 24.1°C ( ±  0.3), salinity was max­
imum (36.9 ±  0.2 psu) and Chi a concentration was very low (0.08 ±  0.02 fig 
Chi a L-1). The DCM occurred at 90-120 m. Adult Clausocalanus abun­
dance in this province was very low (<20 ind. m-3), the most abundant 
species were C. paululus and C. furcatus (5-10 ind. m-3 , each one) while 
C. pergens, C. arcuicomis, C. parapergens, C. jobei and C. mastigophorus 
were scarce (<2 ind. m~3) and C. lividus was absent.
• Canary Current Upwelling province (CCUp)(Stn 18-29, Cluster II; except 
Stn 26, Cluster IV) is located south of the Canary Islands. This area is 
characterized by cool filaments that exhibit strong vorticity and that are 
developed from persistent upwelling cells and may extend far beyond the 
shelf edge (van Camp et al. 1991). Stn 26 (21.3°N) was the only coastal 
station in this province. It was in an upwelling filament where the coldest 
upwelled water was recorded in the area. Sea-surface temperature and 
atmospheric temperature were so different that we were surrounded by a 
thick fog. The highest Chi a concentrations were measured (6.1/xg Chi a 
L-1 in the mixed layer) and the sea was brown viewed from the surface. The 
northern station of the province was the less eutrophic and was dominated 
by C. furcatus (50 ind. m-3). C. paululus, C. pergens and C. arcuicomis 
occurred at low abundance (10-15 ind. m-3). The other four stations lined 
in a longitudinal transect (19°-17°W) at 21°N. The westernmost stations 
were less abundant in Clausocalanus species than the easternmost (20 vs 65 
ind. m-3). No specific dominance was observed in the westernmost stations 
while C. pergens predominated at the easternmost station (40 ind. m-3)
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and C. jobei and C. pergens at the coastal station (25 ind. m 3).
• North Atlantic Tropical and Western Tropical Atlantic provinces (NATR- 
WTRA) (Stn 30-41, Cluster II). This area includes two major circulation 
structures: the North Equatorial Current (NEC) and the North Equatorial 
Counter Current(NECC). The NEC is the continuation of the Canary Cur­
rent that at approximately 12-14°N turns westward where it becomes the 
southern boundary of the North Atlantic Gyre (NAG), as well as the south­
ern boundary of the NATR province. According to the latitude, only Stn 30 
and Stn 32 (located betwen Cape Verde Islands and the Africa) would be in­
cluded in the NATR province. The second circulation structure is the NECC 
that flows easterly and it is highly seasonal being strongest in the boreal au­
tumn (from August to October). This current is known to transport Ama­
zon water eastward (Dessier and Donguy, 1994). A core of Amazon water 
was seen at Stn 38 (4.8°N), evident as less saline warm water. Stations sur­
veyed in the NWTRA region showed a progressive deepening of the mixed 
layer about 40-100 m, the highest recorded temperatures along the transect 
(27.4±0.9°C), similar salinity as the NADR province (35.8 ±0.3 psu) and 
low Chi a concentrations (0.13 ±0.03 fig Chi a L-1). The DCM remained 
at about 50-70 m depth all along the province. Adult Clausocalanus abun­
dance was similar to that recorded at the offshore stations in the CCUp 
province (100 ind. m~3), but at the species level C. furcatus was the dom­
inant species (15-125 ind. m~3). C. pergens, C. arcuicomis, C. jobei and 
C. parapergens were present in low abundance (5-10 ind. m-3) at the north­
ern stations and rapidly decreased or even disappeared towards the south. 
C. mastigophorus was present but scarce at the northern stations (3 ind. 
m~3) and disappeared towards the south. C. lividus too was absent in this
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province.
• South Atlantic Gyre province (SAG)(Stns 44-60, Cluster I). The mixed layer 
temperature and salinity in this province were similar to these recorded in 
the NATR province (22.8±2.1°C, 36.7±0.3 psu). Chi a concentrations 
were the lowest recorded along the AMT-15 (0.05 ±0.02 fig Chi a L-1). 
The DCM decreased in depth up to 180 m at Stn 52. Adult Clausocalanus 
abundance was higher at the first two stations (Stn 44 and Stn 46; 40 
ind. m-3) while at the rest of the stations was between 10-20 ind. m~3, 
recording the lowest values in the center of the gyre (Stns 54-56). C. furcatus 
dominated Stns 44-46 (35-40 ind. m~3) but it suddenly decreased to low 
abundance at Stn 48 (5 ind. m-3) and became scarce at the southernmost 
station of the province. C. paululus was co-dominant with C. furcatus at 
Stn 48 and in the center of the gyre (Stn 54-56) (5 ind. m-3), then it 
decreased through the center of the gyre and increased again to the south. 
Other species were scarce and sporadic, and C. lividus reappeared at Stn 58. 
The markedly different species abundance and composition at the first two 
stations of this province (Stns 44, 46) and the fact that they showed less 
saline mixed layer (<37 psu) than the rest of stations, suggests that they 
were probably boundary stations with the clearly less salty WTRA province 
(due to the effect of Amazon waters) and the salty South Atlantic Gyre.
• Stns 62-66 (Cluster 3) were located in the southern part of the SAG province, 
under the 28°S. They were in a boundary area between the warmer preced­
ing stations and the colder successive stations. The upper 200 m of the 
water column were mixed in this region and the DCM rose up from 120 m 
to 80 m. Temperature and salinity recorded here were lower than these 
recorded in previous stations of the provinces (16.8 ±  1.5°C, 35.6 ±0.3 psu)
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and Chi a concentrations were slightly higher than these recorded at the 
preceding cluster of stations (0.08±0.01 fig Chi a L-1). C. paululus was 
still the dominant species at the first two stations (15 ind. m-3) becoming 
co-dominant with C. pergens at Stn 66 (5 ind. m-3) while all the other 
species remained scarce (<2 ind. m~3). C. ingens was observed in this 
region but at low concentrations (< 0.1 ind. m-3).
• South Subtropical Atlantic Convergence zone (SSTC)(Stns 68-72, Cluster 
III) were the southernmost stations and it is a region affected by the cold 
Subtropical Front (STF). The water column was completely mixed in this 
area and temperature and salinity were the lowest recorded along the tran­
sect (11.8 ± 1.6°C, 34.7 ± 0.2 psu) while Chi a concentration was similar to 
that recorded in the NADR (0.3 ±0.07 fig Chi a L-1). The influence of the 
sub-Antarctic water was noticed at Stn 72 where less salty cold water was 
recorded in the first upper 15 m of the water column. The DCM was ob­
served above the 75 m depth in this area. Adult Clausocalanus abundance 
was high at the first two stations (50 ind. m-3) and sharply decreasing 
at the southernmost station (Stn 72) where abundance was low (<10 ind. 
m-3). C. pergens was the most abundant species (30-40 ind. m~3), followed 
by C. paululus (10-15 ind. m~3) at the first two stations. At the southern 
station, C. brevipes and C. laticeps appeared but in low numbers (3 and 0.1 
ind. m-3 , respectively).
4.3. Discussion
Since the seminal work conducted by Frost and Fleminger in 1968, Clauso­
calanus species have never been analysed in a synoptic investigation over a large
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latitudinal range and the fragmented information available till now mainly refer 
to coastal rather than open ocean areas.
In previous AMT cruises, the genus Clausocalanus was pooled together with 
Paracalanus and Pseudocalanus in the group “small calanoids” (Woodd-Walker, 
2001). During AMT-15 in September-October 2004, Clausocalanus occurred 
through the whole surveyed latitudinal range (48.7°N- 40.0°S). It contributed 
least in coastal waters, and followed the same trend as “small calanoids” reported 
by Woodd-Walker (2001). Previous sparse records describe Clausocalanus as a 
dominant genus in the North Atlantic Ocean, while records at the southern hemi­
sphere were mainly concentrated along the Brazil coast, off the Argentine coast 
and in the Sub-Tropical Convegence Zone (>40°S)(Table 4.2, 4.3).
Despite the large co-occurrence of Clausocalanus species in the upper 200 m of 
the Atlantic Ocean during AMT-15, species contribution showed a marked degree 
of latitudinal partitioning. Regarding species occurrence, Clausocalanus species 
biogeography in the Atlantic Ocean is here updated since Frost and Fleminger 
(1968) (Fig. 4.10):
• C. paululus was reported as a subtropical, circumglobal species (Frost and 
Fleminger, 1968) with antitropical distribution (i.e., it occurs at comparable 
latitudes across the equator but not in the tropics) in Pacific Ocean. During 
AMT-15, this species was continuously recorded from 46°N to 40°S with no 
apparent antitropical distribution. Frost (1969) reported the northernmost 
record of this species at 50°N, while the southernmost limit of occurrence 
was extended to 40°S during the AMT-15.
• C. pergens was reported by Frost and Fleminger (1968) as a warm tem­
perate, circumglobal species, with an apparently biantitropical distribution 
in the Pacific Ocean. Williams and Wallace (1975) recorded this species
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widely distributed in the North Atlantic, within and south-east of the north 
Atlantic drift system, reaching as far north as 59.5°N, while the southern­
most limit was 35°S in the Atlantic Ocean and 45°S in the Indian Ocean. 
During AMT-15, this species was apparently more related to cold temper­
ate waters, occurring from 47.9°N to 40°S in the Atlantic Ocean, with no 
apparent antitropical distribution in this Ocean.
• C. furcatus was reported as a tropical-subtropical, circumglobal species 
(Frost and Fleminger, 1968). Williams and Wallace (1975) recorded this 
species only in the western Atlantic to the south-east of the Grand Banks 
around 43°N, at the edge of the Gulf Stream System where Frost and Flem­
inger (1968) recorded its northern limit. The southern limit of this species 
recorded by Frost and Fleminger (1968) was 35°S. During AMT-15, C. fur­
catus was recorded from 38.9°N to 34.5°S, within the already recorded lati­
tudinal range.
• C. jobei was reported by Frost and Fleminger (1968) as a tropical or 
tropical-subtropical, circumglobal species. According to these authors, C. jo­
bei appeared to have a broadly neritic distribution throughout its range. 
This was also observed during AMT-15 since C. jobei occurred on the Eu­
ropean continental shelf and in the Moroccan upwelling region. Its north­
ernmost limit was recorded by Williams and Wallace (1975) at 52.5°N and 
its southernmost limit was recorded by Frost and Fleminger (1968) at 35°S 
in the Atlantic Ocean and 40°S in the Pacific Ocean. During AMT-15 this 
species was observed at 48.7°N up to 31.1°S, more abundant at coastal sites 
and only sporadically at offshore sites.
• C. parapergens was reported as a tropical-subtropical and circumglobal
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species, despite its sporadic occurrence in the tropical Pacific (Frost and 
Fleminger, 1968). Williams and Wallace (1975) recorded it as far north as 
47.5°N, while Frost and Fleminger (1968) recorded it as far south as 35°S 
in the Atlantic Ocean and 45°S in the Pacific Ocean. During AMT-15, 
C. parapergens was sporadically recorded from 47.9°N to 37.8°S.
• C. arcuicomis was reported as a tropical-subtropical, circumglobal species 
(Frost and Fleminger, 1968). Williams and Wallace (1975) recorded the 
northernmost occurrence of this species at 59.5°N, while the southernmost 
occurrence was reported by Frost and Fleminger (1968) at 35°S in the At­
lantic Ocean and 40°S in the Pacific Ocean. During AMT-15, this species 
was recorded form 48°N to 34.5°S, being absent from 4.8°N to 14.2°S sug­
gesting that this species might be antitropical in the Atlantic Ocean.
• C. brevipes was reported as a subantarctic, circumglobal species occurring 
at 40°-60°S (Frost and Fleminger, 1968). This species was recorded during 
AMT-15 at the last surveyed station (40°S) where surface Antarctic water 
occupied the upper 15 m.
• C. laticeps was reported by Frost and Fleminger (1968) as an antarctic- 
subantarctic, circumglobal species occurring at >40°S. During AMT-15, it 
occurred at 40°S where surface Antarctic water occupied the upper 15 m.
• C. lividus was reported by Frost and Fleminger (1968) as a subtropical, cir­
cumglobal species. The northern limit in the Pacific Ocean was 50°N (Frost 
and Fleminger, 1968), while in the Atlantic Ocean was 57.5°N (Williams 
and Wallace, 1975). The southern limit was 40°S in the Pacific Ocean 
and 35°S in the Atlantic Ocean according to Frost and Fleminger (1968). 
These authors highlighted that C. lividus was apparently antitropical in
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the Pacific Ocean but their data were insufficient to say whether it was 
also absent from equatorial waters of the other oceans. During AMT-15, 
C. lividus was observed in the North Atlantic (46°-38.9°N) and in the South 
Atlantic (25.2°-34.5°S) with a clear antitropical distribution also in the At­
lantic Ocean.
• C. mastigophorus was reported by Frost and Fleminger (1968) as a tropical- 
subtropical, circumglobal species, with the northern limit at 35°N while 
Williams and Wallace (1975) reported it up to 47.5°N. The southern limit 
reported by Frost and Fleminger (1968) was 35°S in South African merid­
ional coast. During AMT-15, this species was sporadically recorded from 
48°N to 28.5°S.
• C. ingens was reported by Frost and Fleminger (1968) as a warm temperate, 
southern hemisphere, circumglobal species, ranging from 30°S to 50°S. Dur­
ing AMT-15, it was recorded only twice but always in the South Atlantic 
(at 28.5°S and 34.5°S).
The distribution patterns of Clausocalanus species analysed in relation to en­
vironmental parameters allowed to discern the biogeochemical provinces described 
by Longhurst et al. (1995); Longhurst (2006) despite using data from the upper 
200 m rather than from the surface. The biogeochemical provinces could not 
be discerned from distribution of copepod genera (Woodd-Walker, 2001), while 
species distribution allowed such fine regional subdivision as the author already 
suggested. Ecological requirements differ among species even when they are con­
geners inhabiting marine planktonic ecosystems without apparent strong physical 
barriers.
In synthesis, during the AMT-15, the three smallest Clausocalanus species
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were the most abundant and showed differences in their distributions (Fig. 4.10): 
C. paululus occurred in temperate oligotrophic waters (NATR and SATL provinces), 
C. pergens in cold eutrophic waters (NADR, CNRY and SSTC provinces), and 
C. furcatus in warm oligotrphic waters (NATR and WTRA provinces). They 
were followed in abundance by the median-size species of the genus, which also 
displayed differentiated distributions: C. jobei occurred at cold eutrophic onshore 
sites (NECS and CNRY provinces), C. arcuicomis in cold-temperate mesotrophic 
waters (NADR and NTRA provinces), C. parapergens in the upwelling area 
(CNRY province), and C. brevipes and C. laticeps were only observed in the Sub- 
Antartic region (SSTC province). The largest were the less abundant; C. lividus 
occurred mainly in cold mesotrophic waters (NADR province), while C. mas­
tigophorus occurred in warm oligotrophic waters (NATR and SATL provinces).
C. ingens occurred only in the southern hemisphere in temperate oligotrophic 
waters (SATL-SSTC provinces boundary). Their marked biogeographical distri­
butions and their importance in oceanic waters, Clausocalanus species might be 
considered good indicators of change in copepod communities and of ecosystems 
modifications due to climate change as Beaugrand et al. (2002b) did for copepod 
associations.
4 Latitudinal distribution in the Atlantic Ocean 137
Table 4.2. Studies reporting Clausocalanus genus abundance and/or dis­
tribution in the Atlantic Ocean published after the revision of Frost and 
Fleminger (1968).
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F igure  4.8. Dendrogram from the cluster analysis of the environmental pa­
rameters (temperature, salinity and chlorophyll a concentration in the mixed 
layer and DCM depth occurrence) encountered during AMT-15.
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F igure 4.9. Multidimensional scaling analysis of the environmental parame­
ters (temperature, salinity and chlorophyll a concentration in the mixed layer 
and DCM depth occurrence) encountered during AMT-15.
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Figure 4.10. Clausocalanus latitudinal distribution in the Atlantic Ocean. 
Each colour correspond to a different species. Lines indicate species latitu­
dinal range of occurrence observed during the AMT-15 cruise (September- 
October 2004) and widening indicate where their population were concen­
trated. Squares indicate punctual observations of these species during the 
cruise. Northernmost or southernmost occurrence recorded in literature are 
indicated as an star (Frost and Fleminger, 1968) or a triangle ((Williams and 
Wallace, 1975). Biogeochemical provinces crossed during the cruise accord­
ing to Longhurst et al. (1995) and Longhurst (2006): NECS Northeast At­
lantic Continental Shelf; NADR North Atlantic Drift Province; NAST North 
Atlantic Subtropical Gyral Province; NATR North Atlantic Tropical Gyral 
Province; CNRY Canary Current Coastal Province; WTRA Western Trop­
ical Atlantic Province; SATL South Atlantic Gyral Province; SSTC South 
Subtropical Convergence Province.
CHAPTER 5
Niche characterization
The niche characterization of eight Clausocalanus species in relation to the 
major environmental parameters has been attempted on the basis of the whole 
data set of Clausocalanus distribution in different Mediterranean and Atlantic 
regions that has been presented and discussed in Chapters 2-4.
For this goal, the total 237 copepod samples were analyzed all together with 
concomitant depth integrated environmental parameters, from which only tem­
perature and fluorescence were considered. Temperature is known to be the major 
factor affecting species metabolism and development in copepods (Huntley and 
Lopez, 1992) and fluorescence is the proxy for autotrophic biomass that has been 
recorded in all surveys of the present study and can be considered representative 
of potential food available for Clausocalanus. For this final synthesis, only the 
adult female abundances have been taken into account, because they were the 
population component that has been identified at the species level in all samples.
For each species, data of abundance were first plotted using kriging (a geo­
statistic analysis) against the integrated values of temperature and fluorescence 
recorded by CTD in the sites of their occurrence in the different regions explored 
to obtain a three dimensional representation of the species distribution. With 
the boxplot method (Tukey, 1977), the distribution (presence/absence) of each 
Clausocalanus species was represented in relation to temperature or fluorescence, 
separately, as a measure of the range of conditions under which the species can 
persist (i.e., the niche breadth). For each species, a box and whisker plot is drawn:
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the bottom and the top of the box are respectively the 2^th and 75t/l quartiles of 
the range, whereas the line inside it is the median. The whiskers extending from 
the two ends of the box show the extent of the rest of the data. Values beyond the 
end of the whiskers are the outliers (open circles; cases with values between 1.5 
and 3 box lengths) and extreme values (asterisks; cases with values more than 3 
box lengths). The box length is the interquartile range, also referred to as disper­
sion (in a statistical sense). Two samples can be considered statistically similar 
when the median lines overlap each other and the dispersions are comparable. 
Species abundance were taken into account by using one of the most simple and 
common approaches for inferring environmental conditions: weighted averaging. 
This calibration data set was then used to identify the environmental conditions 
under which different species are most likely to be found (i.e., the species optima). 
Weighted averaging has been shown to provide accurate inferences of environmen­
tal conditions in a wide variety of settings (ter Braak and Barendregt, 1986). Data 
were statistically analysed by utilizing the SPSS package.
The species environmental ranges of occurrence largely overlapped (Fig. 5.1; 
5.2; 5.3; 5.4; Table 5.1) while the species optima (i.e., the environmental conditions 
under which a species largely occurs) differed considerably (Fig. 5.5).
C. paululus and C. pergens showed the largest ranges of occurrence and the 
same niche breath; both extended their distributions from 10.1 to 22.9°C and 
from 0.0 to 7.3 f.u. but C. paululus had its highest peaks of abundance at higher 
temperature and lower fluorescence values (15.3 ±  0.08°C, 0.5 ±0.01 f.u.), while 
C. pergens had its optima in colder and richer waters (13.7±0.18°C, 1.14 ± 0.02 
f.u.). C. paululus was the most widespread species both in the Mediterranean and 
in the Atlantic, while C. pergens was mainly restricted to cold eutrophic areas. 
C. furcatus had similar temperature range but at higher temperatures than its
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similar in size congeners (13.0-25.3°C) while it occurred in narrower fluorescence 
range (0.0-3.0 f.u.), so it had narrower trophic niche breath. C. furcatus had 
the highest optimum temperature values and low optimum fluorescence values 
(21.7±0.33°C, 0.37±0.01 f.u.).
Among the medium-sized Clausocalanus species, C. parapergens had the nar­
rowest temperature and fluorescence ranges (13.0-22.9°C, 0.0-1.8 f.u.). C. jobei 
had slightly wider occurrence ranges (13.0-23.9°C, 0.0-3.0 f.u.) than C. para­
pergens. C. arcuicornis had the largest temperature and fluorescence ranges 
(13.0-25.3°C, 0.0-7.3 f.u.) and so it had larger niche breath. Optima conditions 
slightly differed among species: C. jobei optima values were 16.9±0.21°C and 
0.34 ±0.01 f.u., C. parapergens optima values were 15.9±0.15°C and 0.15 ±0.01 
f.u., while C. arcuicornis optima values were 15.6±0.15°C and 0.46 ±0.01 f.u.
The large species C. lividus and C. mastigophorus had similar temperature 
ranges of occurrence (12.8-22.5°C and 13.1-22.9°C, respectively) while C. lividus 
fluorescence range was larger than that of C. mastigophorus (0.0-7.3 f.u. and 0.0- 
1.7 f.u., respectively). C. lividus temperature optimum was lower than C. mastigo­
phorus while fluorescence optimum was higher (14.7±0.15°C and 17.2±0.15°C, 
and 0.93 ±0.02 f.u. and 0.24±0.00 f.u., respectively).
Results from the ANOVA tests were summed up in Table 5.2 and showed that 
the niche breath of Clausocalanus species in relation to temperature were signif­
icantly different between C. furcatus and all the other species except C. masti­
gophorus; and between C. mastigophorus and C. pergens and C. paululus. For 
fluorescence ranges, no significant differences were found between species.
The female distribution might represent only a partial sector of species dis­
tribution, which can be slightly different for males and juveniles. However, in 
Clausocalanus species, males are much less abundant than females, and copepo-
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i
C. paululus
C. furcatus
Figure 5.1. 3-D representation of small-sized Clausocalanus species abun­
dances in relation to temperature (°C) and fluorescence (logio (f-u.+l)). 
Abundances and integrated environmental data collected in: the Gulf of 
Naples (Stn MC 0-50 m and Stn L20 at discrete layers), the Ionian Sea (0-100 
m), the North Western Mediterranean (0-50, 50-100 and 100-200 m) and the 
Atlantic Ocean (0-200 m). Colour gradient is only indicative, changing from 
blue when the species abundance was minimum to red when its abundance 
was maximum.
5 N iche characterization 147
C. arcuicornis
Figure 5.2. 3-D representation of medium-sized Clausocalanus species abun­
dances in relation to temperature (°C) and fluorescence (logio (f.u.+l)). 
Abundances and integrated environmental data collected in: the Gulf of 
Naples (Stn MC 0-50 m and Stn L20 at discrete layers), the Ionian Sea (0-100 
m), the North Western Mediterranean (0-50, 50-100 and 100-200 m) and the 
Atlantic Ocean (0-200 m). Colour gradient is only indicative, changing from 
blue when the species abundance was minimum to red when its abundance 
was maximum.
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C. mastigophorus
C. lividus
o
Figure 5.3. 3-D representation of large-sized Clausocalanus species abun­
dances in relation to temperature (°C) and fluorescence (logio (f.u.+l)). 
Abundances and integrated environmental data collected in: the Gulf of 
Naples (Stn MC 0-50 m and Stn L20 at discrete layers), the Ionian Sea (0-100 
m), the North Western Mediterranean (0-50, 50-100 and 100-200 m) and the 
Atlantic Ocean (0-200 m). Colour gradient is only indicative, changing from 
blue when the species abundance was minimum to red when its abundance 
was maximum.
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Figure 5.4. Environmental ranges (temperature and fluorescence) of Clau­
socalanus species occurrence (niche breadth) in the Mediterranean Sea and in 
the Atlantic Ocean, represented in a box and whisker plot. The bottom and 
the top of the box are respectively the 25th and 75th quartiles of the range, 
whereas the line inside it is the median. The whiskers extending from the two 
ends of the box show the extent of the rest of the data. Values beyond the 
end of the whiskers are the outliers (open circles; cases with values between 
1.5 and 3 box lengths) and extreme values (asterisks; cases with values more 
than 3 box lengths).
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Figure 5.5. Environmental conditions (temperature and fluorescence) un­
der which different Clausocalanus species are most likely to be found (i.e., the 
species optima). Such conditions were inferred from weighted averaging abun­
dance data collected in: the Gulf of Naples (Stn MC 0-50 m and Stn L20 at 
discrete layers), the Ionian Sea (0-100 m), the North Western Mediterranean 
(0-50, 50-100 and 100-200 m) and the Atlantic Ocean (0-200 m).
dids (which in general are likely more sensitive to environmental excursions in 
comparison to adults and therefore are not expected to occur at the extremes 
ranges of population occurrence) were identified to genus level. It seems therefore 
reasonable to consider that the female distribution is a reliable representation of 
the species distribution.
In conclusion, the detailed analysis of the temporal and vertical occurrence of 
Clausocalanus species in relation to environmental parameters allowed me to draw
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a coherent picture of their distribution and make hypotheses regarding differentia­
tion of their niches. The small species C. paululus and C. pergens, despite having 
the same ranges of occurrence (niche breath), differed in the numerical develop­
ment of their populations and in their optimal environmental conditions. The 
optimal conditions corresponded to colder (13°C) eutrophic waters for C. per­
gens, and to warmer (15°C) oligotrophic waters for C. paululus. C. furcatus 
differentiated from the other species and showed a narrow and quite isolated eco­
logical niche in warm (22°C) oligotrophic conditions. The medium sized species 
C. arcuicornis, C. parapergens, and C. jobei presented similar seasonal cycles and 
latitudinal distribution, so they overlapped on their environmental ranges (niche 
breath). It seems that these species had similar optima conditions but they oc­
curred in different depth layer (i.e., C. parapergens peak of abundance occurred 
deeper in the water column at Stn L20 in the Gulf of Naples) and in different re­
gions (i.e., C. jobei occurred mainly in onshore sites while the other two species at 
offshore sites). The large C. mastigophorus and C. lividus overlapped in seasonal 
and vertical distribution in the Mediterranean Sea while in the Atlantic Ocean 
they occurred over different latitudinal ranges. Optimal conditions were cold eu­
trophic waters for C. lividus and warm oligotrophic waters for C. mastigophorus.
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Table 5.2. Scheffer post hoc results indicating significant differences 
(p<0.01) among Clausocalanus species niche breaths on temperature ranges. 
Species did not differed in fluorescence ranges of occurrence, pau C. paul­
ulus, per C. pergens, fur C. furcatus, job C. jobei, par C. parapergens, arc 
C. arcuicornis, liv C. lividus, mas C. mastigophorus.
pau
per
fur
job
par
arc
liv
mas
pau per fur job par arc liv mas
*  *
* *
CHAPTER 6
Clausocalanus reproductive 
parameters and secondary 
production
6.1. Materials and methods
Mesozooplankton samples for collection of experimental copepods were taken 
using 200 fim mesh nets equipped with non-filtering cod-ends (5-10 L) to prevent 
animal damage. Vertical tows were performed during the day (8-12 am) from 
50 m depth (Ionian Sea, Gulf of Naples, NW Mediterranean) or at night (2 am) 
from the layer of deep chlorophyll maximum (Atlantic Ocean) up to the surface. 
Once onboard, live samples were gently poured into 18 L cooler-boxes previously 
filled with sea surface water or water from the deep chlorophyll maximum.
Immediately after zooplankton sampling, natural particle assemblages were 
collected from the sea surface (Gulf of Naples) or from the deep chlorophyll max­
imum (Ionian Sea, NW Mediterranean and Atlantic Ocean) with Niskin bottles 
that were drained with long silicon tubes whose end aperture were always resting 
on the bottom of the collector bin in order to avoid water gurgling and cell dam-
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age. Bins were screened from direct light and kept at temperature close to that 
at the sampling layer and used as incubation water during the experiments within 
1-2 hours after sampling.
Mesozooplankton samples were examined within 1 hour after collection. Cooler- 
boxes were first cleaned from dead settled material. Then, subsamples were poured 
using 2-5 L glass beakers and examined by eye. Clausocalanus species are easily 
distinguishable from other copepods by their particular swimming behavior (Maz- 
zocchi and Paffenhofer, 1999). They were caught using a long large-mouth glass 
pipette, transferred to a small petri dish and checked under the stereoscope for 
species identification and conditions. Then, using a wide mouth Pasteur pipette, 
only healthy females were introduced into the incubation flasks. The particular 
reproductive features of Clausocalanus species required two different incubation 
methodologies in order to study the reproductive parameters of sac spawners and 
free-spawners efficiently. The more abundant species were studied at each site, 
except for C. paululus which was very difficult to recognize and catch.
Clausocalanus females that carried egg-sac/mass were sorted and put indi­
vidually in a small Petri dish in a drop of seawater where the surface tension 
forced the copepod to slowdown or stop its frantic motion. In order to measure 
the clutch size, the sac/mass was carefully detached using dissecting needles and 
the eggs were counted. After that, females were incubated individually in 300 ml 
polystyrene cell culture flasks and monitored for further clutch depositions. Un­
treated sterile polystyrene cell culture flasks are made of high-quality polystyrene 
for optical clarity and distortion-free examination and are designed to be eas­
ily checked under the stereoscope avoiding stressing the animal. The incubation 
flasks were previously filled with non-filtered sea water containing natural parti­
cle assemblages (but not other copepods that were pick up from the experimental
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flasks with a pipette). Females with spermatophore(s) were incubated individually 
immediately after sorting in 300 ml flasks. Females that were not bearing a sac 
or spermatophores, were incubated in 2 L glass jars or bottles at 10-20 ind L-1 
concentration.
Clausocalanus free-spawning females were individually incubated in 300 ml 
polystyrene culture flasks filled with pre-screened sea water (40 /am sieve). Despite 
reducing the size range of pray available to copepods, water screening ensured the 
removal of other copepod eggs.
Incubation water was poured into the experimental containers using a plastic 
jug performing slow and gentle movements to avoid cell damage by water gurgling. 
Clausocalanus specimens usually get trapped in the surface film where they move 
frantically, a stressful situation with consequent animal death. To avoid this, as 
well as to prevent air bubbles forming in the experimental containers, they were 
completely filled and sealed with plastic film under the screw cap.
All experimental containers were maintained at sea surface temperature en­
countered during zooplankton collection. Different methods were used for this 
purpose: placing bottles and flasks in temperature-controlled coolers (Ionian Sea) 
or rooms (Gulf of Naples and tropical region in the Atlantic Ocean), immersing 
bottles and flasks in thermostated incubators (NW Mediterranean) or immers­
ing bottles and flasks in fresh water directly pumped from sea surface (Atlantic 
Ocean, except in the tropical region where sea surface temperature exceed 30° C 
and incubated copepods died).
In order to avoid settling, experimental containers were gently and regularly 
turned upside down (Ionian Sea, NW Mediterranean and tropical Atlantic region) 
or placed on a rotating plankton wheel (set at 0.2 rpm, Gulf of Naples) or placed 
on a seawater pumped wheel (Atlantic Ocean).
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All the experimental containers were incubated under dim light simulating the 
natural diel cycle.
In order to observe multiple clutch events, incubations lasted as long as pos­
sible. Every day, copepods were transferred into new incubation flasks filled with 
new particle assemblage collected with Niskin bottles from the DCM within the 
previous hour for providing fresh food (only in onboard experiments). In those ex­
periments carried out in the Gulf of Naples, in 2002-2003 females were incubated 
only for 24 hours, in April 2006 copepods were reared as long as possible chang­
ing the natural particle assemblage of the first day was subsequently replaced by 
filtered seawater enriched with Prorocentrum minimum (16 x 16 //m, 1340 //m-3 ; 
cultured and kindly provided by F. Esposito, Ecophysiology Laboratory at SZN). 
Estimated carbon content of this dinoflagelate is 177.1 pgC cell-1 (Strathmann, 
1967). P. minimum was offered at 173 cells ml-1 concentration (30.65 fig C L-1). 
Offered carbon concentration was intermediate between the low values recorded at 
sea in the Gulf of Naples in April (Ribera d’Alcala et a/., 2004) and that reported 
in previous laboratory incubation of Clausocalanus (Mazzocchi and Paffenhofer, 
1998; Paffenhofer et al., 2006). Mazzocchi and Paffenhofer (1998) observed that 
lower food concentrations were related to higher egg production rate in C. furcatus 
(in that study, 55 fig C L-1 of Prorocentrum micans were offered). On the other 
hand, C. furcatus metabolic needs were met even in tropical oligotrophic waters 
(6.29 ±0.75 fig C L-1 in natural particle assemblage Paffenhofer et al, 2006).
New food supply was offered every day and water was changed every 2-3 days 
in accordance with new water supply. When cultured food is offered, the first 
clutch can be considered as the result of in situ individual feeding history. So, in 
those experiments performed in the Gulf of Naples in April 2006, the first 48 h 
has been be considered as the result of the in situ individual feeding history and
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therefore comparable to those experiments performed under in situ conditions 
(onboard experiments). All experiments were held in a very similar way.
Reproductive parameters
Clutch size (CS) — Clutch size is the number of eggs released in each single 
clutch event. It is expressed as number of eggs per clutch per female (eggs clutch-1 
female-1).
Experimental containers were checked by eye or under the stereoscope every 
6-12 hours looking for the presence of egg-sac/mass or free eggs. Those females 
carrying egg sac/mass were gently picked up with a large-bore Pasteur pipette 
and put in a small Petri dish to detach and count the eggs. The female was then 
transferred to new incubation water. In the case of free-spawning females, when 
eggs were observed, the female was picked up and transferred to a little petri 
dish with filtered sea water to check under the stereoscope the presence of free 
eggs in the picked water. Immediately after, the female was transferred to a new 
container filled with fresh incubation medium. Eggs picked up with the female 
were returned to the original flask with the rest of the clutch. The flask with eggs 
was then filled with filtered sea water, sealed and placed horizontally for at least 
30 min waiting for eggs settling. After that, the whole flask was examined and 
the eggs counted.
Interclutch period (IP) — This is the lapsed time between two successive 
clutch laying. It is expressed in hours.
Females were incubated as long as possible to measure their interclutch period, 
controlling every 6-12 h for sac/eggs deposition and changing the incubation water 
every day.
Egg production rate (EPR) — This is defined as the number of eggs
6 Clausocalanus reproductive parameters and secondary
production 159
produced per female per day (eggs female-1 day-1). The whole incubation period 
was taken into account (except for those experiments conducted in spring 2006 in 
the Gulf of Naples when only the first 48 h were considered for such calculations).
H atching  success and  em bryo viability  — Hatching success is the per­
centage of eggs that hatch to nauplii from the total eggs in a clutch (%). Embryo 
viability is the percentage of eggs showing healthy embryos out of the total eggs 
in a clutch (%). Embryo viability is assessed using molecular probes before egg 
hatching.
Hatching success is easily calculated in broadcast spawner copepods by allow­
ing eggs to hatch undisturbed. Unhatched eggs and nauplii were counted under 
the stereoscope after 24 h of being laid and compared to the previous record of 
eggs. Only in those experiments run in the NW Mediterranean, eggs and nauplii 
were fixed 24 h after being laid for further counts in the laboratory.
In sac spawners Clausocalanus species, the number of eggs cannot be accu­
rately counted without detaching the sac or mass. Mazzocchi and Paffenhofer 
(1998) observed that detachment from females may prevent embryos from hatch­
ing in C. furcatus. Therefore, egg production rates and recruitment could be 
underestimated in sac spawners Clausocalanus either by difficutlies in counting 
the eggs or for the impedance of hatching in detached sacs or masses. To measure 
both clutch size and hatching success in such species, a method was set up in 
collaboration with Dr. I. Buttino (Ecophysiology Laboratory, SZN) using fluo­
rescent probes already successfully applied to the free-spawning copepod Calanus 
helgolandicus (Buttino et al., 2004a). Two probes were tested, FDA and SYTOX 
green.
Fluorescein diacetate (FDA) (Sigma-Aldrich) is a non-polar, non-fluorescent 
fluorescein analogue which can pass through the cell membrane where upon in­
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tracellular esterases cleave off the diacetate group producing highly fluorescent 
fluorescein (http://www.sigmaaldrich.com). The fluorescein will accumulate in 
cells which possess intact membranes so the green fluorescence can be used as a 
marker of cell viability. Cells which do not possess an intact cell membrane or an 
active metabolism may not accumulate the fluorescent product and therefore do 
not exhibit green fluorescence.
SYTOX green (Sigma-Aldrich) is impermeant to live cells and apoptotic cells, 
but stains necrotic cells with intense green fluorescence by binding to cellular 
nucleic acids. After staining a cell population with SYTOX green dye, dead cells 
show green fluorescence and live cells show no fluorescence.
FDA and SYTOX green dyes cannot be used together due to antagonistic 
results and similar fluorescence (Fig. 6.1).
To set up the method in sac spawners Clausocalanus, wild ovigerous C. fur­
catus females were separated in three groups: two groups were placed in glass 
bottom WillCo-dishes® and stained one with FDA (4.5 pM) and the other with 
SYTOX green (20 /iM). Females of the third group were incubated individually 
in 300 ml flask and left undisturbed until hatching of nauplii (Control). After 
20 minutes, females in treated groups were carefully rinsed. Eggs were carefully 
detached from females with dissecting needles and observed in epifluorescent, con- 
focal and transmitted-light modes, under the inverted confocal laser scanning 
microscope (CLSM-Zeiss 410) using 488 nm A excitation laser and with water 
immersion objective 25x. In the control group, the whole flask content was fixed 
in 4% formaldehyde after 24 h, and nauplii and unhatched eggs were counted 
under the dissecting microscope to estimate the total egg production and embryo 
viability assuming no cannibalism of eggs.
The new method set up was presented at the 37th CIESM Congress (Buttino
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SYTOX
Figure 6.1. C. furcatus clutch colored with FDA (upper) and SYTOX green 
(bottom). Pictures at transmitted light (left) and under green filter (right). 
All eggs were viable.
et a/., 2004b). Data on embryo viability in Clausocalanus species were collected 
during experiments conducted in the Gulf of Naples (2003-2004 and 2006) and in 
the Atlantic Ocean (2004).
In April 2004, the effect of detaching the sac from females was tested in 
C. arcuicornis using SYTOX green. This experiment was performed overnight, 
when copepod females laid their eggs (Mauchline, 1998). Females were incubated 
at 20°C in 2130 ml glass jars, and controlled every 30 min. Ovigerous females
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were picked up directly from the jars with a large-mouth glass pipette and divided 
in three groups: 1) 8 females (486 embryos, Control) were incubated individually 
and remained undisturbed for 36 h, until embryos hatched naturally; 2) 5 females 
(300 embryos, To) had their egg sacs detached in the first hour after laying; 3) 
3 females (169 embryos, T 7) were individually incubated and their egg sacs were 
detached after 7-8 h from deposition. Detached eggs from groups 2 and 3 were 
dyed after 60 min of their detachment to ensure enough time to manifest eventual 
negative effects on the embryos.
In 2006, embryo viability of a free spawner Clausocalanus species (C. lividus) 
was assessed using Sytox green. After counting the eggs in the flask (after female 
removal), the flask contents was poured in 200 ml crystallizers. After 30 min, the 
eggs (settled on the crystallizers’ bottom) were picked up with a Pasteur pipette 
and transferred in WillCo-dishes® to proceed with their coloration as reported 
above for sac spawners Clausocalanus species.
Egg fertilization — Even non-fertilized eggs can fluoresce with FDA because 
they are live cells. In order to avoid “false positives” (false viable embryos) another 
vital probe (Hoechst 33342) was used in parallel with those used to assess embryo 
viability (in this case SYTOX green) (Fig. 6.2).
Hoechst 33342 is a UV-excitable nucleic acid stain readily taken up by all cells. 
In contrast, SYTOX green only enters cells with compromised plasma membranes. 
The staining pattern resulting from the simultaneous use of these two nucleic acid 
stains made it possible to distinguish healthy fertilized or unfertilized eggs and 
dead embryo cells by UV and fluorescence microscopy, respectively. Dyed eggs 
were incubated for 20 min in dark conditions and then rinsed with G F/F filtered 
seawater. Samples were observed under the Zeiss Axioskop 2 plus microscope 
equipped with UV laser FluoArc-BP (364 nm A) and Fite and UV filter. Non-
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Figure 6.2. A C. pergens clutch stained simultaneously with the nucleic acid 
stains SYTOX green (that indicates embryo non viability when fluorescent) 
and Hoechst 33342 (that colours all the nuclei present in the egg) revealed 
five non viable embryos (five fluorescent embryos) and only one unfertilized 
egg (egg with only one fluorescent nucleus) that was not stained with SYTOX 
green, confirming the possible occurrence of false viable embryos and so re­
duced embryo viability.
viable eggs fluoresced green when observed under Fite filter and all nuclei of 
the embryo appeared blue under the UV filter. Those eggs showing only one 
nucleus indicated that they were not fertilized. Egg fertilization was measured in 
successive clutches in isolated females in order to assess whether re-mating was 
necessary or not in these species.
W eight-specific fecundity estim ates — Egg production rates were con­
verted into carbon content to obtain the weight-specific fecundity rates for a 
better interspecific comparison.
Female body carbon contents were estimated from prosome lengths measured 
during the experiments with the length-body carbon regression developed for 
Paracalanus spp. by Uye (1991) and also applied to Clausocalanus by Halvorsen 
et al. (2001):
logioC(/j,g) =  3.128 * logioPL(fim) — 8.451
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Egg carbon contents were estimated by calculating egg volume from the mea­
sured egg diameters by assuming 0.14 pgC jam~3 (Kiprboe et al, 1985; Huntley 
and Lopez, 1992).
Weight-specific fecundity (i.e. weight-specific EPR; g, d-1) was estimated as 
follows:
g = w e * C S/W f * 24/ t
which is the same as,
g =  We/W f  * E P R
where We represents the weight of a single egg, CS is the clutch size so We*CS  
is the clutch weight, W f is the female weight and t is the time of incubation in 
hours. CS  * 24/t in the first equation is the EPR in the second (Peterson et al, 
2002; Hirst and Bunker, 2003).
In broadcast spawners egg production depend only on ovarian development 
time to lay a successive clutch while for egg-carrying copepods embryonic devel­
opment and hatching must occur before a new clutch can be laid. Nevertheless, 
long incubation periods were required for both spawning modes in order to obtain 
reliable estimates of egg production since Clausocalanus broadcast species do not 
release eggs continuously or as clutches on a daily basis like most other broadcast 
copepods (Mauchline, 1998) but showed long interclutch periods. In Clausoca­
lanus egg-carrying species, eggs were too packed to enumerate reliably for live 
females and despite gentile plankton nets employed, eggs were dislodged during 
the collection process and scattered loose into the sample. Loose eggs can no 
longer be attributed to the species that produces them (at least in Clausocalanus 
species) so the egg-ratio method (Edmondson, 1971) was rejected for this study. 
In order to exactly enumerate the number of egg in each sac, the sac was de-
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tached from sac-bearing females. Artificial reduction of the time a female carries 
its clutch of eggs (the egg carrying time) would hence increase clutch turnover 
rate and reduce the interclutch period (the time between two successive laying 
events) and consequently, overestimate their egg production rate. Nevertheless, 
two successive clutch laying events in Clausocalanus were only observed in very 
few occasions so the time used to calculate egg production rates for both broad­
cast and sac spawner Clausocalanus species in this study was the time from the 
appearance of one clutch to the maximum individual incubation time achieved. I 
am aware of such overestimated egg production rates but, in the particular case 
of Clausocalanus species, I considered those calculations much more reliable and 
closer to the real values than those that would be obtained by the traditional 24 
h incubation method.
In situ weight-specific fecundity rates measured in females fed on natural par­
ticle assemblage were analysed and statistically treated as in Hirst and Bunker 
(2003) in order to compare the measured rates with their review on growth rates 
of marine planktonic copepods at global scale. Data were analysed at three differ­
ent taxonomic levels for better comparison with the literature: the whole genus, 
species grouped in sac and broadcast spawners, and separate species. Linear re­
gressions between loge weight-specific fecundity and temperature were used to 
derive Q±o values necessary to correct weight-specific fecundity rates collected at 
different environmental temperatures to a standard temperature value. The mea­
surement conditions for weight-specific fecundity rates do not account for environ­
mental temperature differences between or in species data points, so descriptive 
scaling of weight-specific fecundity should not be compensated for them. Com­
pensation is necessary, however, when comparing groups that differ in incubation 
temperature or searching for uniform explanations for scaling effects that do not
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depend on temperature. Rates were standardize to a temperature of 15°C as in 
previous studies conducted on copepods (e.g. Huntley and Lopez, 1992; Kiprboe 
and Saiz, 1995; Hirst and Bunker, 2003). An approach that accounts for temper­
ature differences has two further benefits: firstly, it allows for investigation of the 
influence of body mass on weight-specific fecundity rates without the confounding 
influence of environmental temperature (it is already known that copepod body 
size is inversely related to temperature; in Huntley and Lopez, 1992). Secondly, 
incorporation of temperature into predictive multiple regression models allows for 
improved estimates of weight-specific fecundity rates when both body mass and 
environmental temperature are available.
The temperature-corrected rates were then logio transformed and regressed 
against logio estimated body weight.
Weight-specific fecundity rate relationships with environmental temperature, 
estimated body weight and Chi a concentration were analysed by backward step­
wise linear regression (SigmaStat Package, SPSS). The dependent variable was 
logio weight-specific fecundity (g, d-1), and independent variables were tempera­
ture (T, °C), logio body weight (BW, fig C ind-1), and logio Chi a concentration 
(Ca, fig Chi a L-1). Backward step-wise linear regression removes the indepen­
dent variables that do not add significantly to the prediction and the regression 
is completed using the remaining variables (SigmaStat Package, SPSS). When no 
independent variables were removed, a multiple linear regression was used:
logio 9 = a[T] +  b[log10 BW] +  c[logio Ca] +  d
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Secondary production and recruitment
Secondary production was estimated according to the “egg production method” 
(Poulet et al., 1995), which is based on two variables, i.e. E (fecundity of females) 
and B f (biomass of females). The secondary production (S) is given by:
S  = EW eB f
where E  is the egg production (eggs f-1 d-1) and B is female abundance (ind. m-3). 
This is transformed to carbon by multiplying by the estimated egg carbon con­
tents (We). This method represents only the fraction of total population secondary 
production corresponding strictly to the contribution of females (in eggs m~3 d-1 
or in /ig C m~3 d-1). However, it has some methodological advantages, since 
fecundity can be easily determined in incubation experiments. Moreover, copepod 
egg production reflects the integrated response of adult females to environmen­
tal conditions prevailing during the accumulation of gonadal material, so it is 
time-specific and site-specific and provides good spatial and temporal resolution. 
Nevertheless, it has been shown that adult female growth is not reflected only 
in egg production but also in increase of its body weight (Hirst and McKinnon, 
2001). Lack of information on life-history traits of Clausocalanus species, together 
with difficulties in evaluating life-history in the field were the main reasons for 
the use of the egg production method to estimate secondary production in this 
genus in the field for the present study. Clausocalanus female abundances from 
quantitative zooplankton samples and egg production rates measured in the re­
production experiments conducted in parallel to ecological surveys were used to 
estimate secondary production in Clausocalanus species.
Recruitment of naplii stage NI (R, nauplii m-3 d-1) could be obtained simply
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by multiplying the secondary production (S, in eggs m 3 d 1) by V (egg viability 
or hatching success, in percentage of viable or hatched eggs), becoming:
R = E B f V
obtaining the number of recruited nauplii m“3 d-1 which can also be expressed 
in carbon units (fig C m-3 d-1).
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Table 6.1 (Continued) - Reproduction experiments performed in the Gulf of 
Naples.
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Table 6.1 (Continued) - Reproduction experiments performed in the Gulf of 
Naples. METHOD in Station column refers to those experiments conducted to 
set the embryo viability method.
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Table 6.1 (Continued) - Reproduction experiments performed in the North­
western Mediterranean Sea.
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Table 6.1 (Continued) - Reproduction experiments performed in the Atlantic
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6 .2 . Results
6.2 .1 . S p ecies d ifferences in egg laying features
Among egg-carrying Clausocalanus species, different ways of carrying the eggs 
were observed. C. pergens, C. jobei, C. parapergens and C. arcuicornis carry a 
single sac hanging from the genital pore. These sacs are very fragile and, when 
they are handled, placed in low volumes of water, or in presence of chemicals, 
they are detached and spread freely in the water. The only pictures obtained of 
entire egg sacs were taken from living animals, except in one occasion when the 
ovigerous female was rapidly fixed in ethyl alcohol. Sac displays different shapes 
between species: in C. pergens the sac resembles a ’ball’, in C. jobei a ’tear’ 
(Fig. 6.3d), in C. parapergens a ’beaver tail’ and in C. arcuicornis a ’corncob’ 
(Fig. 6.3a,b). C. paululus also carries a sac (Frost, 1969) but ovigerous females 
were not observed during this study despite the incubation of some wild females. 
Within the sac, the eggs are packed in multiple layers and surrounded by an outer 
thin membrane that is transparent and becomes whitish and visible only after 
fixation (Fig. 6.3f). On several occasions and at different sites, when the egg sac 
of C. jobei was dissected, already hatched nauplii appeared in the inner part of 
the sac (Fig. 6.3e). Such a feature was also observed in C. arcuicornis in the Gulf 
of Naples (spring 2006) when the sac was full of already hatched nauplii. Instead 
of a hanging sac, C. furcatus eggs are directly attached to the urosome in a group 
where the eggs are disposed in multiple layers and adhere to one another by the 
outer egg membrane (Fig. 6.3c). In this latter case, the term”egg mass” is used, 
as for Pseudocalanus (Corkett and McLaren, 1978).
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Figure 6.3. Live C. arcuicornis ovigerous female in lateral view (a) and 
ventral view (b); live C. furcatus ovigerous female in lateral view (c); fixed 
C. jobei in lateral view (d), dissected sac containing eggs, nauplii and remains 
of the membrane that surrounded the eggs (e) and detail of the genital pore 
with sac remains (f).
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On some occasions, when the sac was detached from the female, the eggs dis­
integrated. Similarly, in free spawners the extrusion of shapeless matter released 
from the genital pore was observed.
Eggs had an oil droplet but they did not float, except on some occasions in 
the free spawned C. lividus and C. mastigophorus eggs. Recently hatched nauplii 
I of C. furcatus and C. jobei presented oil sacs suggesting that they may not be 
the first feeding stage (Fig. 6.3c).
6.2 .2 . A ssessm en t o f em bryo v ia b ility
A methodological protocol for using fluorescent probes on the egg-carrying 
copepods was set up for Clausocalanus (Buttino et al., 2004b) by modifying a 
previous protocol prepared for the free-spawner copepod Calanus helgolandicus 
(Buttino et al., 2004a). While in C. helgolandicus eggs need to be pre-treated with 
chitinase to allow probes to penetrate thorough the chitinous external membrane, 
in C. furcatus this pre-treatment induced egg disintegration. C. furcatus eggs 
might have a thinner external chitinous membrane, much more permeable than 
those of most free-spawner copepods. FDA concentration was reduced almost 
to half that used with Calanus obtaining the same fluorescence level (no test 
was perform to reduce SYTOX green concentration). Time necessary for dye 
penetration in C. furcatus eggs was therefore much shorter (1/4) than in Calanus 
eggs and this shortened the overall procedure (Table 6.2). The new method was 
first applied to C. furcatus and secondly to C. arcuicornis (Table 6.3) producing 
similar results. SYTOX green was used also on eggs of other Clausocalanus sac 
spawners (C. jobei and C. pergens) as well as on the broadcast spawner C. lividus 
with successful results in all cases.
C. furcatus embryo viability was assessed in wild populations of the Gulf of
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a) C. furcatus (O ctober 2003) b) C. arcuicornis (April 2004)
100
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FDA SYTOX green Control FDA SYTOX green Control
Figure 6.4. Embryo viability assessed with two different vital probes (FDA 
and SYTOX green) and compared to controls in C. furcatus (a), and C. ar­
cuicornis (b). Percentage of FDA fluorescent embryos, SYTOX green non- 
fluorescent embryos and controls were not statistically different (Unpaired 
t-test; p< 0.001).
Table 6.2. Dyes protocol: Clausocalanus -  Calanus helgolandicus compari­
son.
Clausocalanus
(egg-carrying)
Calanus helgolandicus 
Buttino et al. (2004b)
Pre-treatm ent - chitinase 1 U /m l
FDA 4 fiM 7.5 /jM
SYTOX green 20 fj,M 20 /xM
Incubation time 20 min 100 min
Naples in different periods of its seasonal cycle. Data collected during the peak 
season (autumn) were compared with those collected during the season of lowest 
abundance (spring)(Table 6.3).
In October, C. furcatus embryo viability calculated considering both FDA flu­
orescent embryos and SYTOX green non-fluorescent embryos was 83.6% ( ±  15.4) 
and it was not statistically different from that recorded in the controls (89.9 ±  10.2% 
Unpaired t-test; p<0.001)(Fig. 6.4a). Similar results were obtained when the same 
dyes were applied to C. arcuicornis in April (Fig. 6.4b). In April, C. furcatus em-
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Table 6.3. Species and number of embryos (and females) analysed for each 
fluorescent probe,and periods when the embryo viability was addressed.
Species Period FDA SYTOX CONTROL
C. furcatus October 2003 583 (21) 53 (3) 57 (12)
April 2004 - 56 (2) 63 (3)
C. arcuicornis April 2004 236 (6) 482 (11) 303 (5)
100 -i
75 -
50 -
25 -
111 U
0dober2003 April 2004
■  SYTOX green 
I | Controls
Figure 6.5. C. furcatus embryo viability assessed with SYTOX green (black) 
and controls (white) in two different periods: October 2003 and April 2004. 
Percentage of SYTOX green non-fluorescent embryos and controls were not 
statistically different (Unpaired t-test; p<0.001) while the two periods were 
statistically different (Unpaired t-test; p>0.01).
bryo viability was 47.2% (±45.8), significantly different from October (Unpaired 
t-test; p>0.05)(Fig. 6.5). Embryo viability assessed with SYTOX green was not 
statistically different from that recorded in controls (Unpaired t-test; p<0.001).
The effect of detaching the sac from female in C. arcuicornis revealed that the 
control group and the T 7 group had similar embryo viability while the To group 
presented significant lower embryo viability (Unpaired t-test; p<0.001). All three 
groups presented similar clutch size (Fig. 6.6).
During the experiments with C. arcuicornis, several embryos showed par­
tial fluorescence indicating necrosis of part of the embryo. Some of these em-
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Control T0 T7
(486) (300) (169)
I | Clutch size 
B  Embryo viability
Figure 6.6 . C. arcuicornis clutch size (white) and embryo viability assessed 
with SYTOX green (black) in sacs detached at different times: To, sacs de­
tached in the first hour of after laying, and T7, detached after 7-8 h from 
deposition). The number of embryos observed for each group is indicated in 
parenthesis.
bryos finally hatched but showed morphological deformation and reduced mobil­
ity (Fig. 6.7). Partial embryo fluorescence indicated in some cases deleterious 
malformation of embryos, while in other cases malformations did not prevent the 
embryos to reach nauplius I stage.
6 .2 .3 . R ep rod u ctive  param eters
C. pergens, C. furcatus, C. arcuicornis and C. lividus were studied by analysing 
more than 50 wild productive females per species in different marine environments 
and in the laboratory (Table 6.4). The inter-species comparison of reproductive 
parameters here investigated are summarized in Table 6.5 (clutch size), Table 6.6 
(egg production rates), Table 6.7 (embryo viability) and Table 6.8 (interclutch 
period). Thereafter, the reproductive traits are presented for each species.
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SYTOX green
Normal naupfius
Abnormal nauplii
Figure 6.7. Abnormal C. arcuicornis embryo and nauplii
Table 6 .8 . Clausocalanus species and areas where interclutch period has been 
recorded. For the sac spawning Clausocalanus species {C. furcatus, C. jobei 
and C. arcuicornis) interclutch period is underestimated since the sac was 
detached from the females (see Section 6.1). Lines separate species in three 
size categories: small, medium and large, respectively.
Species Area Interclutch period (h)
C. furcatus Atlantic Ocean 24-72
C. jobei Gulf of Naples (2006) 40
C. arcuicornis Ionian Sea 84
Gulf of Naples (2006) 48-74
C. lividus NW M editerranean 108
Gulf of Naples (2006) 96
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C. pergens (Fig. 6.8, 6.9 it was the smallest sac-spawner species analysed 
during the present study and was observed in the Gulf of Naples and in the North 
Balearic Sea (Table 6.4). It presented the smallest clutch size and egg production 
rate among Clausocalanus species. The largest clutch and the highest EPR were 
recorded in the North Balearic Sea. Embryo viability was very high both in the 
Gulf of Naples in spring 2006 and in the Atlantic Ocean (Table 6.7). Clutch size, 
EPR and embryo viability did not vary significantly between in situ and labora­
tory conditions in the Gulf of Naples in spring 2006. Embryo viability decreased 
under laboratory conditions in successive clutches while the percentage of fertil­
ized eggs was only low in two occasions, one independent of embryo viability and 
another concomitant to embryo viability decrease (Fig. 6.9 females 9, 10).
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gg] Productive females
■  Egg Production Rate 
•  Embtyo viability (FDA)
+  Emtxyo viability (SYTOX) 
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Figure 6.8. C. pergens. Number of incubated and productive females (a), 
mean clutch size (with standard deviation bar)(b), and mean egg produc­
tion rate with mean embryo viability (each with standard deviation bar)(c) 
measured in different marine regions, in natural particle assemblages.
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Figure 6.9. C. pergens in laboratory experiments. Clutch size (eggs 
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assemblage by cultured food; double lines on X axis indicate female death. 
Individual plots correspond to individual females.
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C. fu r c a tu s  (Fig. 6.10, 6.11) was largely studied in the  Gulf of Naples and 
along the A tlantic meridional transect. Its  clutch size was only slightly higher 
than  C. pergens, while its E P R  was higher. On average, embryo viability was 
similar in the Gulf of Naples and in the  A tlantic Ocean. In the  Gulf of Naples, 
C. furcatus clutch size was higher in winter-spring and in summer; in the  A tlantic 
Ocean, it was higher in the  NW  African upwelling area while it was lower in the 
northern tem perate region (Stn 10 and 12) and in the  southern subtropical region 
(Stn 50 and 52) (one-way ANOVA, p<0.01; Fig. 6.10b). E PR  was significantly 
higher in February 2002 (MC-522) and in late July  2002 (L20-72) in the Gulf of 
Naples and in the  upwelling and tropical region in the A tlantic Ocean (Stn 23, 
29) bu t was lower in May 2006 in the Gulf of Naples (GN-06.5) and in the  north­
ern tem perate (Stn 10) and southern subtropical (Stn 50 and 52) in the  A tlantic 
Ocean (Fig. 6.10c). C. furcatus embryo viability in the  A tlantic was on average 
84.9% (± 1 4 .4 ) , significantly higher in the northern sub-tropical region (one-way 
ANOVA, p<0.01) and significantly lower in the  southern sub-tropical region (one­
way ANOVA, p<0.01). Observed interclutch period ranged from 24 to  72 hours. 
No differences were observed in reproductive param eters between incubation con­
ditions in April 2006 in the Gulf of Naples (Table 6.9). Embryo viability decreased 
at the fourth and fifth observed clutches while eggs were always fertilized.
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F ig u re  6 .10 . C. furcatus. Number of incubated and productive females
(a), mean clutch size (with standard  deviation bar)(b), and mean egg produc­
tion rate  with mean embryo viability (each w ith standard  deviation bar)(c) 
m easured in different m arine regions, in natural particle assemblages.
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Figure 6.11. C. furcatus (females 1 to 3) and C. lividus (female 4) laboratory 
experiments. Clutch size (eggs clutch-1), percentage of viable embryos and 
percentage of fertilized eggs in successive clutches. Arrows indicate 24 h after 
replace the natural particle assemblage by cultured food; double lines on X 
axis indicate female death. Individual plots correspond to individual females.
C. jobei (Fig. 6.12) Reproductive parameters in the medium-sized C. jobei 
were collected in very few females. On average, clutch size was much larger than 
in the small C. pergens and C. furcatus while the egg production rates were in 
the similar range of C. furcatus. Embryo viability was very high. No statistical 
differences were observed among areas either in clutch size, egg production rates 
or embryo viability. The observed interclutch period was 40 h. In spring 2006 in 
the Gulf of Naples, no statistical differences were observed in any of the studied 
parameters. In spring 2006 in the Gulf of Naples, no statistical differences between 
incubation conditions were observed in reproductive parameters (Table 6.9).
C. parapergens  (Fig. 6.12) Reproductive parameters were recorded only in 9 
females in the Gulf of Naples. Mean clutch size was very large in comparison with 
its similar in size species C. jobei and C. arcuicornis, while the largest clutch (119 
eggs) was in the range of the broadcast spawners C. lividus and C. mastigophorus.
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F ig u re  6 .12 . C. jo b e i, C. mastigophorus and C. parapergens. Number 
of incubated and productive females (a), mean clutch size (with standard  
deviation bar)(b), and mean egg production rate  with mean embryo viability 
(each with standard  deviation bar)(c) measured in different m arine regions, 
in natural particle assemblages.
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M ean egg production rate  was very high, probably due to  short tim e incubation 
(24 h) and absence of non productive females.
C . a r c u ic o r n is  (Fig. 6.13) It was one of the  most studied species (Table 6.4, 
Fig. 6.13). It had similar clutch size and slightly higher egg production ra te  
than  the  similarly sized congeneric species C. jobei. Its  embryo viability was 
very high. Clutch size and E P R  showed both  significant higher values in May 
2002 in the Gulf of Naples and only E PR  in the NW  M editerranean (one-way 
ANOVA, p<0.01), while embryo viability did not present significant differences 
among areas. Interclutch period was on average 48 h became longer at the  end 
of female life (Fig. 6.14 7-10), the  largest interval was observed in the  Ionian Sea. 
E P R  observed in spring 2006 in the  Gulf of Naples showed statistically different 
values under different incubation conditions. Only two wild females did not show 
100% embryo viability under natural particle assemblages (50 and 86.7%). Both 
females fed on cultured food layed a second clutch after one or two days showing 
opposite responses: the one with the lowest embryo viability layed a second clutch 
with higher embryo viability (88.2%) while the  other female layed a second clutch 
with lower embryo viability (75%). In some cases, embryo viability gradually 
decreased among clutches without a  parallel decrease in percentage of fertilized 
eggs (Fig. 6.14 females 5, 7, 9), while in other cases embryo viability slightly 
or suddently dropped a t the last clutch in correspondance with a decrease in 
percentage of fertilized eggs (Fig. 6.14 females 6, 8, 10).
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F ig u re  6 .13 . C. arcuicornis. Number of incubated and productive females 
(a), mean clutch size (with standard  deviation bar)(b), and mean egg produc­
tion rate  with mean embryo viability (each w ith standard  deviation bar)(c) 
measured in different m arine regions, in natural particle assemblages.
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F ig u re  6.14. C. arcuicornis laboratory experiments. Clutch size (eggs 
clutch-1), percentage of viable embryos and percentage of fertilized eggs in 
successive clutches. Arrows indicate 24 h after replace the natural particle 
assemblage by cultured food; double lines on X axis indicate female death. 
Individual plots correspond to individual females.
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C . l iv id u s  (Fig. 6.15 On average, clutch size and E P R  were higher th an  in 
sac-spawner congeneric species, while the  embryo viability was the lowest observed 
in Clausocalanus. Clutch size was statistically lower in the Ionian Sea, while 
E P R  was statistically  higher in the  Gulf of Naples in winter-spring 2002 (one-way 
ANOVA, p<0.05; Fig. 6.15 b). Interclutch period of C. lividus was the longest 
among Clausocalanus species (Table 6.8). Under different incubation conditions, 
clutch size did not differed significantly, while E P R  was lower when incubated in 
dinoflagellate culture (p<0.05). In several occasions, observed embryo viability 
was zero, while egg fertilization was 100% also in two successive clutches like their 
feeding history were compromising their brood (Fig. 6.11).
C . m a s tig o p h o r u s  (Fig. 6.12) Reproductive param eters were m easured only 
in 8 C. m astigophorus females. On average, clutch size and E PR  were similar to 
C. lividus and larger than  the sac-spawner congeners. Embryo viability was very 
low, as C. lividus. C lutch size, egg production ra te  and embryo viability were 
not different in the  two areas where reproductive param eters of th is species were 
m easured (one-way ANOVA, p>0.05).
C . in g e n s  Only two females of C. ingens were observed (Table 6.4). Its 
clutch size and egg production were on the range of the other broadcast spawners 
C. lividus and C. mastigophorus.
A sum m ary of Clausocalanus species reproductive param eters is shown in 
Table 6.10.
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F ig u re  6 .15 . C. lividus. Number of incubated and productive females (a), 
mean clutch size (with standard  deviation bar)(b) and mean egg production 
rate  and mean embryo viability (each w ith standard  deviation bar)(c) mea­
sured at different natural conditions.
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W eight-specific fecundity
Measures of females prosome length and egg diam eter used to  estim ate species 
weight-specific fecundity are reported in Table 6.11 and 6.13. Measures of females 
to ta l length are also reported in Table 6.12.
Clutch weight represented less th an  25% of the  body weight in Clausocalanus 
sac spawners and 25-75% in broadcast species (Fig. 6.16).
Estim ated weight-specific fecundity rates in Clausocalanus species ranged from 
0.01 to  0.77 d-1 , being higher in broadcast spawners than  in sac spawners. The 
only exception was represented by C. parapergens in spring 2002 in the  Gulf of 
Naples (0.225 ± 0.042 d " 1)(Table 6.14, Fig. 6.17).
Regression of estim ated weight-specific fecundity rates versus tem peratu re  re­
vealed a significant decrease of fecundity with increase in tem perature, m ainly 
driven by sac-spawning species (p<0.001 both  a t the  genus level and in the  sac- 
spawning group)(Table 6.15). In broadcast Clausocalanus, weight-specific fecun­
dity did not show significant relationship with tem perature (p>0.1). However, 
at the species level, differentiated relationships were observed. In C. arcuicornis 
and C. lividus, weight-specific fecundity increased significantly w ith tem perature  
(p<0.001 and p<0.1 , respectively) while in C. furcatus it decreased significantly 
(p<0.001). In C. jo b e i, C. pergens and C. m astigophorus, no significant relation­
ship w ith tem perature was observed (Table 6.15; Fig. 6.18a).
Weight-specific fecundity scaled positively with body weight a t genus level 
(p<0.001) and for sac-spawners (p<0.001) and negatively (p<0.001) for broadcast 
spawners (Table 6.16; Fig. 6.18b).
Michaelis-Menten plots for the weight-specific fecundity rates corrected at 
15°C did not fit significantly with Clausocalanus d a ta  either a t genus, group 
(broadcast/sac-spawners) or species level (Fig. 6.18c).
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T a b le  6.11._ Clausocalanus females prosome length (mean and range, 
expressed in //.m) at each studied area and estimated carbon contents (pg C) 
used to estimate weight-specific fecundity rates.
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F ig u re  6.16. Weight-specific reproductive index, i.e. the percentage th a t 
the clutch represents on female body weight, (a) C. pergens and C. furcatus 
(small-sized species, sac spawners), (b) C. parapergens, C. jobei and C. ar- 
cuicornis (medium-sized species, sac spawners), (c) C. lividus, C. ingens and 
C. mastigophorus (large-sized species, broadcasters).
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T a b le  6 .13 . Species eggs diam eter sporadically m easured a t the  inverted 
confocal laser scanning microscope (CLSM-Zeiss 410). Those with an aster­
isk were measured a t the stereoscope. Lines separate species in three size 
categories: small, medium and large, respectively.
Species Egg diam eter (/im)
C. pergens 50*
C. furcatus 56
C. jobei 62
C. parapergens 62*
C. arcuicornis 62.5
C. lividus 93.5
C. mastigophorus 90*
C. ingens 90*
Backward step-wise multiple linear regression of logio weight-specific fecun­
dity rates at genus level versus tem perature, logio Chi a and logio body weight, 
revealed th a t the  combination of the  three param eters improved the model. The 
same was observed in sac-spawning species but not in broadcast spawners, in 
which either Chi a or tem perature did not improve the significance of the  model 
(Table 6.17). At the species level, tem perature in C. arcuicornis and C. pergens , 
and Chi a in C. furcatus did not improved the  significance of the  model. In C. jo ­
bei, Chi a improved the significance of the  model bu t tem perature was constant 
and not included in the model. C. parapergens, C. ingens and C. mastigophorus 
were examined only a t a  single station and were not included in the  model.
M easured weight-specific fecundity rates were compared to  rates predicted 
from the models of Ikeda and M otoda (1978), Huntley and Lopez (1992), H irst and 
Lam pitt (1998), Peterson et al. (2002) and Hirst and Bunker (2003) (Table 6.18, 
Fig. 6.19). If agreement between m easured and predicted values was good, most 
of the da ta  points would fall along a line with slope equal to  1. The Ikeda 
and M otoda model produced rates similar to  those of Clausocalanus broadcast
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T a b le  6 .14 . Estim ated weight-specific fecundity rates (p, d-1 ) of Clausoca­
lanus species. Lines separate species in three size categories: small, medium 
and large, respectively.
Species Mean WSF (SD)
Genus 0.079 (±0.099)
Sac spawners 
Broadcast spawners
0.055
0.229
(±0.045)
(±0.178)
C. pergens 
C. furcatus
0.022
0.046
(±0.149)
(±0.031)
C. jobei 
C. parapergens 
C. arcuicornis
0.058
0.225
0.082
(±0.027)
(±0.042)
(±0.048)
C. lividus 
C. mastigophorus 
C. ingens
0.242
0.122
0.194
(±0.186)
(±0.042)
(±0.031)
spawners <  0.2 day-1 but overestim ated weight-specific fecundity rates in sac- 
spawning Clausocalanus. The Huntley and Lopez model both  overestimates and 
underestim ates with respect d a ta  observed in broadcast spawners, while it only 
overestimates da ta  in sac-spawners. The Hirst and Lam pitt, as well as Hirst and 
Bunker models produce rates similar to  those values m easured in Clausocalanus 
for g <0.1 d -1 while underestim ate when g >  0.1 d -1 . The Peterson et al. models 
produce the lowest predicted rates (Fig. 6.19).
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F ig u re  6 .17. Estim ated weight-specific fecundity rates of Clausocalanus 
species in different regions, (a) C. pergens and C. furcatus (small-sized species, 
sac spawners), (b) C. parapergens, C. jobei and C. arcuicornis (medium-sized 
species, sac spawners), (c) C. lividus, C. ingens and C. m astigophorus (large­
sized species, broadcasters).
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Figure 6.18. Clausocalanus weight-specific fecundity rates (WSF) versus 
temperature (a); WSF rates corrected at 15°C versus estimated body weight
(b); and WSF rates corrected at 15°C and 10 /ag C ind-1 versus Chi a con­
centration (c). Lines describe regressions.
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6 .2 .4 . Secondary p rod u ction
Secondary production in C. pergens did not show significant difference among 
regions (Fig. 6.20a). C. furcatus secondary production was significantly higher 
in the  tropical A tlantic region (p<0.001)(Fig. 6.20a). The medium-sized C. jo ­
bei and the large C. mastigophorus also produced more in the A tlantic Ocean 
than  in the  M editerranean Sea (p<0.001)(Fig. 6.20c). Despite C. parapergens re­
productive param eters were only studied in spring 2002 in the Gulf of Naples, 
its secondary production in this area was similar to  the  lower measures obtained 
in C. jobei and C. m astigophorus (Fig. 6.20c). C. arcuicornis had significantly 
higher production in the Ionian Sea and in winter-spring in the  Gulf of Naples 
(p<0.001)(Fig. 6.20b). Secondary production was highest but also very variable 
in C. lividus (max. 99.3 fig C m -3 d _1)(Table 6.19) which produced signifi­
cantly more a t the coastal station in the  Gulf of Naples in winter-spring 2002 
(p<0.001)(Fig. 6.20d). Only two clutches were observed in C. ingens, and its 
calculated secondary production was the lowest (Fig. 6.20d). The highest recruit­
m ent was estim ated in C. pergens in the N orth Balearic Sea while the  lowest 
were these of C. mastigophorus and C. jobei in the  Gulf of Naples (Table 6.20). 
Due to  high embryo viability, estim ated recruitm ent in sac-spawners m atch with 
the estim ated secondary production, while in broadcast spawners the  estim ated 
recruitm ent was lower than  the estim ated secondary production (Fig. 6.20).
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F ig u re  6 .20 . Secondary production of adult females (black) and recruitm ent 
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estim ations were similar or equal, recruitm ent overlaps secondary production 
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C. m astigophorus and C. ingens (large-sized species, broadcasters).
6 Clausocalanus reproductive param eters and secondary
production
X
C OI
a
o
b Oa.
o fbO£
cd
S - i
X£
cd
£
cdP
jd,
cd<P rp>
co  -+4>
X  8  .2 fti j ( CD
1 2  CP 2 Jh 
-H=>
CQ
rD
CP
cdcp
■+=
cd
cpbO
X
£
cd
CO r-i. a  s
CP £^ £d Cl X  oo a?
<3
O
bJO
CP
a ®
T3 ^ O 2
a  £! 
H £
cdxlcd
ocpcpCO
05
CO
CP
CPa
CQ
<P
4-3
cd
Sh
cdacp
CQ
J
£
o
EH
t d
__cd
<:
X
cp
CQ
r ^ Hft
cd
£
O
cd
<p
CQ
cd
cd
’3O
CQ
O
CP
ft
CQ
^  0 5  _  0 5b- • lO •o o ^ o o O
c o  i c o  i o  o
ob-
cd
x  CM
CQ
£
C P
5s
C Pf t
C Q34-4
cd
£,£
o  ‘HCM ^
OO
lO
°  {2
CD i O
CM
0 5
C5
CO
XI
C M
CX X no 
^  C M  f v  O O  •o  W S1 H ^
ID
00 < 0  0 5
•<s>
< P-OO•ft
C Q
£
C P
c p
I-Cdf t
££ocp 
• <s>s
g
c d
Ci
ID O co co00i co05 IDi lDCMo1X co T—1 O CMco co o
OO co
C D
C D  ^  b -  1— 1 
O O  0 0  X  c q
CO ' <=> CD
c q
go-cdftoft
*
4-4
C QCd
C Q
S 3£3* C* £* C*
C Q£
< Pf t£
ci ci
o  <p
5  . sH J
214
6 Clausocalanus reproductive parameters and secondary
production
i
U
faOa.
<p
faO
Pcd
T3
§
§<P
a
c^d
cp +3 h oCO <u
-T-t ^T5 co CP Q)
£ d)
B £P
ft B
'ft
cp P  
.  d
f t
CP
05 ft
§ S  Cd co
"cd • •cp co O <o S 
Cd
O
+=Pcp
CJ
cp
O
b 0
cp+=
cdcp
cp
(S3
f t
£o
H
o
r^H
f t
CP
co
cp
'ft
cd
e-i—rO
'B
O
cd
cpCO
Pi
cd
*3O
CO
CP
‘o
CP
ft
CO
00 f t
co
£<P
CDft
co
-<-ocd
.S3
Ci
f t  co
b-
b -
cm
oo
co
f t
■ cs> 
CD -O
o
co
£
<D
CD
cdft
CO
CO
COI
CM
co
*
£b.o
CP* <S>s
cd
Ci Ci ej
00 0 0  f t
f t
CM
co
S3'td
• <s>5>
ej
co
S3
o-ftf tof t•c^>-+o
CO
cd
CO£
CDf t£
O
O
CM
cd
CP
CPft
CO
CP
O d  f t  S-H
o  cd 
cd ftc z  (P
215
6 Clausocalanus reproductive parameters and secondary
production 216
6.3. Discussion
The ecological success of a species in a given environment, depends on a frag­
ile equilibrium of different factors (quantity and quality of proxy food, predation, 
parasitism, competition) but for sure the most important falls on its reproductive 
success. High reproductive success implies good reproductive performances (mat­
ing behaviour, egg laying, egg production rates, development times of eggs, growth 
rates and adult longevity) but also good survival rates (egg to adult viability) all 
along the twelve differentiated developmental stages of copepods.
In epipelagic calanoid copepods, two different spawning features occur. Most 
of the species are broadcast spawners and release the eggs freely in the water, 
while others are sac spawners, i.e. they carry the eggs in sacs or masses at­
tached to female urosome. The former mode could be one of the results from the 
re-colonization by calanoid copepods of marine pelagic environments since sac- 
carrying females become more evident and suffer higher predation pressure than 
broadcast spawners (Webb and Weaver, 1988). Free spawned eggs risk being lost 
by sinking or predation, suffering one order of magnitude higher mortality rates 
than carried eggs (Kiprboe and Sabatini, 1994) even though ovigerous sac spawn­
ers females are more evident and vulnerable to visual predators (Vuorinen et al., 
1983; Bollens and Frost, 1991). Shorter egg hatching times in broadcasters com­
pared to sac spawners may result from such strong selection pressure to reduce the 
length of this vulnerable period (Hirst and Kiprboe, 2002). On the other hand, fe­
males that carry the eggs cannot lay another clutch until eggs hatch (sac-spawned 
eggs take sM.9 times longer on average to hatch, according to Hirst and Kiprboe, 
2002) and so broadcast-spawning copepods have higher weight-specific fecundities 
and egg production rates than sac spawners species (Kiprboe and Sabatini, 1995; 
Hirst and Bunker, 2003; Bunker and Hirst, 2004).
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The occurrence of two different spawning features in Clausocalanus was ob­
served only recently (Saiz and Calbet, 1999), after the revision of the biology of 
calanoid copepods conducted by Mauchline (1998), where similar cases are re­
ported only for two other marine copepod genera: while Euaugaptilus magnus 
has an egg mass in the Rockall Trough (Mauchline, 1988), no other species in 
this genus have been observed to have one, and while Chiridius gracilis (a marine 
bottom-living genus) forms an egg mass (MacLellan and Shih, 1974), C. armatus 
does not (Matthews, 1964). Giesbrecht (1892) illustrated a female Clausocalanus 
arcuicornis carrying an egg-sac and this figure was copied by Rose (1933), but the 
presence of different reproductive features was never mentioned (Lindley, 1997). 
Nor in the generic or specific diagnostic features reviewed by Frost and Flem- 
inger (1968), or in Frost (1969) who observed C. paululus, C. furcatus, C. jobei, 
C. minor and C. farrani bearing egg sacs in fixed samples, such differences in 
spawning features were reported. I noticed differences also among sac spawners: 
C. arcuicornis, C. parapergens, C. jobei and C. pergens carry an egg sac hanging 
from the genital pore, while C. furcatus carry the eggs wrapped at the urosome 
forming a mass. There is no evidence that the eggs are contained in a membrane 
in sac spawner calanoid copepods, but apparently the secretions that form the 
outer membrane of eggs seem to be more copious in egg mass carriers so that 
eggs as they are laid do not separate but stick in a mass attached to the genital 
pore (Mauchline, 1998). According to this definition, the term sac spawner is 
not correct in calanoid copepods but it has been the commonest nomenclature in 
the literature so it has been also used in this thesis. Actually, in Clausocalanus 
the presence of a thin and transparent membrane has been observed. Remains of 
material that surrounded the egg mass was observed in C. jobei, and reported by 
Mazzocchi and Paffenhofer (1998) in C. furcatus.
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In the large incubation volumes used during this study (300-2130 ml), females 
that laid a sac carried it until the nauplii hatched. It is true that egg sac and 
masses are quite fragile in Clausocalanus, but only when the ovigerous females 
were kept in stressful conditions, such as in low volumes of water (like in small 
crystallizers) or trapped in the air-water interface, eggs were rapidly released. 
Cornils (2005), Bi (2005) and Bi and Benfield (2006) reported the occurrence of 
free eggs in C. furcatus. Cornils (2005) incubated C. furcatus and C. farrani 
females individually in multiwells (5 ml) for egg production experiments so low 
incubation volumes and air-water interface could explain the occurrence of free 
eggs that she observed. Bi (2005) incubated groups of 5 females in large volumes 
(400 ml bottles) and observed that they easily discharged eggs when disturbed. Bi 
and Benfield (2006) incubated 5 females in 200 ml beakers which were aerated with 
small airstones. Both air-water interface and turbulence would likely make C. fur­
catus discharge the eggs mass. Sac release of sac spawning copepods was reported 
for Sinocalanus tenellus by Kimoto et al. (1986) who observed that about 20 eggs 
formed a mass attached to the ventral side of the genital somite but after a few 
minutes they separated freely into the water. The spawning of ribbons (or groups 
of eggs) was reported by Yang (1977) in Parvocalanus crassirostris. But neither 
of these features were observed in sac spawner Clausocalanus during the present 
thesis. Why eggs in C. furcatus are attached to the urosome while in the other 
Clausocalanus sac spawners hang from it? According to Bradford-Grieve (2002), 
Clausocalanoidea colonized several times the pelagic domain, so the sac-spawning 
feature could be an ancestral reminiscence from benthic living forms. The re­
construction of evolutionary relationships among Clausocalanus species based on 
the mtCOI type specific sequence Bucklin et al. (2003) revealed that C. furcatus 
was the ancestral species of the genus. Despite the relationship among the rest
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of the species was not clarified by the genetic analysis, broadcast species were 
clustered together and were isolated from the sac spawners. Then, eggs in mass 
surrounding the urosome might be an ancestral reproductive feature that evolved 
to hanging eggs mass, and later to broadcast spawning, so changing from a more 
solid structure to a more fragile one to finally evolve to the unstructured free eggs 
laying behaviour.
Reproductive parameters of Clausocalanus have been reported so far for few 
species (Table 6.21). This is the first report of C. parapergens reproductive pa­
rameters. The clutch size ranges observed in the present study in the sac-spawners 
C. furcatus, C. arcuicornis, C. jobei and C. pergens fall in the ranges reported 
by Sazhina (1987) but I recorded larger maximum values for the last two species 
likely because they were measured in wider environmental range than in Sazhina 
(1987). On the contrary, fewer individuals of the broadcasters C. mastigophorus 
and C. ingens were observed during this thesis, measuring larger clutch size than 
that reported in Sazhina (1987). Maximum clutch size measured in the broad­
caster C. lividus fall in the range of maximum clutch size reported by Saiz and 
Calbet (1999). C. lividus maximum clutch size was up to tenfold higher than that 
measured in the small species and doubled that of the medium-sized C. arcuicor­
nis and C. jobei. The clutch size range measured in the medium-sized sac-spawner 
C. parapergens fall in the range of the large broadcasters C. mastigophorus and 
C. ingens. Clutch size observed in both sac and broadcast-spawners Clausocala­
nus species fall in the range of similarly sized calanoids, even for the maximum 
values measured in C. parapergens (Mauchline, 1998, Tables 45, 46).
Egg production rates observed for C. arcuicornis, C. furcatus, C. jobei, C. mas­
tigophorus and C. ingens during this thesis fall in the range reported by Sazhina 
(1987) except those observed for C. pergens, which were lower. The EPR here
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reported for C. lividus fall in the maximum EPR values reported for C. lividus in 
winter in the western Mediterranean (Calbet et al., 2002). EPR of broadcasters 
Clausocalanus were 3.7 times higher than that of sac-spawners, larger difference 
than that reported by Kiprboe and Sabatini (1995).
Since the interclutch period observed for the species of this genus is on most 
occasions quite long in natural conditions (also observed by Sazhina, 1987; Webber 
and Roff, 1995) as well as in laboratory conditions (also observed by Mazzocchi 
and Paffenhofer, 1998), EPR calculations are affected by the maximum individual 
incubation time achieved during the experiments and has been overestimated due 
to the used methodology (see Section 6.1). In sac spawners species, interclutch 
period depends on embryo development time and hatching of nauplii. But in free 
spawners, interclutch period only depends on oogenesis and the spawning time, so 
interclutch period is expected to be shorter. Instead of that, broadcasters Clau­
socalanus had similar or even longer interclutch periods than its sac-spawners 
congeners. Differently from other broadcaster copepods that produce continu­
ously, Clausocalanus spawn large amount of eggs in one single event, as if they 
retained the ancestral sac-spawning feature. In terms of carbon, the clutch could 
represent maximum 25% of female body carbon in sac-spawners while up to 75% 
in broadcast spawners indicating a maximum of carrying capacity in sac-spawners. 
In field conditions, the shortest interclutch period was observed in C. furcatus in 
mesotrophic environment (around the NW African upwelling) where the quantity 
and quality of food would be excellent for the egg production of this species. This 
findings contrast with those of Mazzocchi and Paffenhofer (1998) who observed 
that C. furcatus egg production rate was higher at low food concentrations in 
laboratory conditions. Higher fluorescence values encountered in the NW African 
upwelling region could not necessary related to high concentration on food items.
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On the other hand, natural diet is much more diverse than that offered under lab­
oratory conditions covering much better the metabolic needs and would enhance 
higher egg production rates.
Despite that EPR of broadcast and sac spawner copepods is generally esti­
mated over a single 24 h interval (Runge and Roff, 2000), some authors have 
criticized this method in sac spawner species arguing that such species typi­
cally produce clutches of eggs less constantly and then carry the same clutch 
for several days (Nielsen et al., 2002). Sac-spawning species include all cyclopoids, 
poecilostomatoids, and harpacticoids plus the important calanoid genera Pseu- 
docalanus, Euchaeta and Clausocalanus, which combined constitute a significant 
fraction of marine copepods. All Clausocalanus females incubated during the re­
production experiments here presented were incubated as long as possible and so 
the EPR was calculated according to the whole incubation period. In fact, when 
only the first 24 h were considered due to absence of new food supply (Gulf of 
Naples 2002), the largest EPR and weight-specific fecundity rates were recorded 
for both sac-spawners (C. parapergens) and broadcasters (C. lividus).
The present data on embryo viability are the first obtained for this genus. 
Embryo viability of sac-spawners Clausocalanus species was on average very high 
in comparison of that observed in the congeneric broadcasters. Embryo viabil­
ity did not depend on re-mating, because eggs were fertilized even in successive 
clutches. This suggests that re-mating is not necessary in this genus (either in 
sac or broadcast spawners). On the other hand, embryo viability in C. lividus 
was 100% when was assessed with vital probes, suggesting that incubation time 
of eggs to assess their natural hatching success might be too short despite being 
72 h as suggested by Runge and Roff (2000). Low embryo viability is expected 
in wild conditions during periods of scarce maleffemale sex ratio (due to lack of
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fertilization) or due to diet toxic effects (Ianora et al, 1996, but Irigoien et al, 
2002), while under laboratory conditions could be also due to a nutritive deficit 
by a mono-algal diet. Lower embryo viability observed in C. furcatus during April 
2004 (season of minimum adult population) would be a consequence of such scarce 
maleffemale sex ratio, but no fertilization test was done.
Diet did not affect females clutch size and embryo viability, but it did im­
pact EPR in C. arcuicornis and C. lividus, when the same set of females were 
incubated 48 h in natural particle assemblages and then in Prorocentrum micans. 
Concentration of the offered culture was a compromise between the minimum 
requirements of C. furcatus in tropical oligotrophic waters and the natural avail­
ability in the area at that time. Significant increase in EPR of C. arcuicornis and 
decrease in EPR of C. lividus, might reflect an increase of food availability for 
the medium-sized C. arcuicornis but not for the large C. lividus which could need 
larger carbon amount.
Embryo viability was compromised in C. arcuicornis when the sac was de­
tached from the female at an early developmental stage. Evidence of maternal 
control of embryogenesis through chemical communication have been provided for 
various crustaceans as well as for a marine harpacticoid copepod (Tigriopus japon- 
icus Kahan et al, 1988). Such control, called ’umbilical cord’ mechanism, can be 
directly due to environmental cues suffering the mother (e.g. food availability or 
quality, density of the conspecific population, the degree of hydrodynamic distur­
bance, predatory pressure, etc. Lonsdale et al, 1998). The control of naupliar 
development would be advantageous in C. arcuicornis which rapidly increases its 
population in spring like triggered by the increase of food availability in that pe­
riod. Mazzocchi and Paffenhofer (1998) also noticed that C. furcatus eggs isolated 
from the mother never hatched even when well developed embryos could be ob­
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served inside the eggs. This species also has a pronounced peak of abundance in 
summer above the thermocline like triggered by the increase of water temperature 
and/or the absence of congeners. On the other hand, the presence of already 
hatched nauplii in entire egg-sac of C. jobei might seem likely that the movements 
of the mother play an important part in helping the nauplii to hatch, as was 
observed in Euchaeta norvegica (Marshall and Orr, 1954). The normal swimming 
behaviour of C. furcatus in absence of turbulence is characterized by a repetitive 
looping at high speed (10 mm s-1 on average), with frequent changes of direction 
(Mazzocchi and Paffenhofer, 1999) and is similar in all the other Clausocalanus 
species even in egg-bearing females (personal observation). When an egg-bearing 
female is stressed, it rapidly discharges the eggs likely due to the lash of the ab­
domen to quickly escape. So, in my opinion, Clausocalanus egg-sac is not fragile 
(as suggested by Mazzocchi and Paffenhofer, 1998) and requires the involvement 
of the mother to break out. The ’umbilical cord’ mechanism does not rule out 
the involvement of the mother to break out the sac and vice versa, but further 
investigation is required.
Egg diameter, clutch size and clutch volume increased with body volume in 
Clausocalanus species, as occurs in other calanoids (Mauchline, 1998). Species 
females body length range fit with those reported by Frost and Fleminger (1968), 
except for C. arcuicornis and C. lividus in which smaller and larger specimens (re­
spectively) were observed during the present study in all the areas (C. arcuicornis) 
or only in the North Balearic Sea (C. lividus). Williams and Wallace (1975) also 
observed smaller C. arcuicornis and larger C. lividus than that reported by Frost 
and Fleminger (1968). While C. arcuicornis measurements were smaller than 
that reported by Williams and Wallace (1975), those of C. lividus were almost 
as large as that reported by the authors. Estimated carbon contents of C. fur-
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catus was similar to that estimated from ash-free dry weight measures performed 
by Hopcroft and Roff (1998), Mazzocchi and Paffenhofer (1998), and Paffenhofer 
et al. (2006). Estimated carbon contents of other Clausocalanus species (C. per­
gens, C. furcatus, C. jobei, C. arcuicornis, C. mastigophorus and C. ingens) were 
in the range reported by Sazhina (1987) although I could not find how this author 
obtained such measurements as methods were not detailed. Regarding eggs diam­
eter, those measured for C. furcatus were in the range reported by Mazzocchi and 
Paffenhofer (1998) (50-78 pim) and Hopcroft and Roff (1998) (79 /un) while those 
measured for C. lividus were larger than that reported by Saiz et al. (1999) (66- 
71 fim). Sazhina (1987) reported similar egg diameters (« 70 /im) for five species 
(C. pergens, C. furcatus, C. jobei, C. arcuicornis, C. mastigophorus) except for 
C. ingens (~ 50 /mi).
Mean weight-specific fecundity rates observed in Clausocalanus broadcast spawn­
ers were higher than the general mean reported by Hirst and Bunker (2003) for 
this reproductive mode while in Clausocalanus sac spawners rates were lower than 
the general mean. In the general observed patterns, Hirst and Bunker (2003) 
observed higher WSF in broadcasters than in sac spawners while in Clausocala­
nus the opposite was observed mainly due to the influence of body weight since 
WSF increase with body weight and in Clausocalanus only the larger species are 
broadcasters while the small ones are sac spawners.
Weight-specific fecundity rates vs. temperature regression models improved 
when the analyses were conducted at species level rather than at spawning mode 
or at genus level, highlighting that species have different relationship with the 
environmental parameters and that gathering information of different spawning 
modes would result in a loss of resolution. Negative relationships were observed 
at the genus level, mainly due to sac spawners while broadcast spawners showed
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positive relationship with this parameter. Since the study of species egg produc­
tion rates was limited to areas where species population was higher, the studied 
temperature range was narrower than in laboratory experiments and in review 
papers reporting both positive and negative relationship between WSF and tem­
perature according to how many measurements were performed below or above 
the optimum temperature of the species. The Qio temperature coefficient is a 
measure of the rate of change of a biological or chemical system as a consequence 
of increasing the temperature by 10°C. The Qio observed in Clausocalanus were in 
the range of that reported by Hirst and Bunker (2003) (Qio 1-2) except for C. ar­
cuicornis and C. lividus. Those temperature coefficients were more similar to 
those observed in copepods reared in food saturated conditions (laboratory) (Qio 
2.5-4) rather than that observed in situ, suggesting that these species were mainly 
studied in their optimum trophic conditions.
Scatter-plots of weight-specific fecundity rates against Chi a concentration 
suggested that there was no a functional response of weight-specific fecundity 
rates with Chi a, confirmed when Michaelis-Menten (or Ivlev) curves did not fit. 
This kind of curve assumes an accelerating weight-specific fecundity rate with 
increasing concentrations of Chi a reaching a threshold when minimum Chi a 
concentration reports maximum weight-specific fecundity rate. The lack of rela­
tionship was not surprising since Clausocalanus is not a strict herbivorous genus 
(Kleppel, 1993) specially in oligotrophic environments where mesozooplankton 
community graze on intermediate consumers (Calbet and Landry, 1999). Cope­
pods feeding on microzooplankton may have high production rates, unrelated 
to Chi a concentrations (Gifford and Dagg, 1988) probably due to varied diet. 
Clausocalanus and Oithona dominate the copepod assemblage in oligotrophic en­
vironments and they perform very different and particular feeding behaviour but
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both graze on microzooplankton (Paffenhofer and Mazzocchi, 2002). Hirst and 
Bunker (2003) observed that in Oithona spp. some high weight-specific fecundity 
values at very low Chi a values also disarranged Michaelis-Menten curves. For 
these groups, Chi a concentration is therefore not a good measure of quantity and 
quality of available food. Walker and Peterson (1991) suggested that it might be 
more appropriate to relate primary productivity rather than simply phytoplank­
ton biomass to secondary productivity.
Multiple regression analyses of WSF vs. both environmental parameters and 
body weight revealed that in the sac-spawners C. pergens both temperature and 
Chi a concentration (positively related) were explicative for its WSF rates, in 
C. jobei only Chi a concentration (negatively related), in C. furcatus and C. ar­
cuicornis all three parameters (temperature and body weight negatively in C. fur­
catus and positively in C. arcuicornis and Chi a positively for both species). In 
the broadcast spawner C. lividus both Chi a and female body weight (negatively 
related) but not temperature.
Secondary production in Clausocalanus was similar to values reported for sev­
eral calanoid copepods in the on-shore and open waters in Oregon (Peterson et al., 
2002). Clausocalanus species showed clear peaks of mean secondary production 
occurring at different sites in accordance to the species environmental preferences. 
C. pergens highest secondary production was estimated in the NW Mediterranean 
during the bloom occurrence, while C. furcatus secondary production peak oc­
curred in summer at offshore waters in the Gulf of Naples. C. jobei peak occurred 
in the Canary current region and that of C. parapergens and C. arcuicornis in 
spring at the offshore site in the Gulf of Naples. C. lividus peak also occurred 
in spring at the offshore site in the Gulf of Naples while that of C. mastigo­
phorus occurred in the Canary current. Despite C. lividus was among the least
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abundant species, its secondary production was comparable to that of the sac 
spawning C. arcuicornis and twofold times higher than the most abundant small 
species C. pergens and C. furcatus. Nevertheless, estimated nauplii recruitment 
expressed in terms of carbon concentration (fig C m-3 d_1) was similar or equal 
to the species secondary production in sac-spawners, while it was lower in broad­
cast spawners due to low measured hatching success. In C. lividus, despite its 
large secondary production, its recruitment was low similar to that of the least 
abundant Clausocalanus species C. jobei, C. parapergens and C. mastigophorus, 
which would limit its population abundance. It has been seen (Chapter 2) that 
sex ratio (one of the principal factors limiting egg fertilization in copepods accord­
ing to Kiprboe, 2007) in Clausocalanus broadcast spawners was higher than that 
of the congeneric sac spawners, thus fertilization rate would not limit the popu­
lation growth rate. Low hatching rates were reported by Irigoien et al. (2002) in 
significant fractions of mature copepod females in field conditions plenty of food. 
Vital probes revealed that C. lividus eggs were fertilized in spring in the Gulf of 
Naples and that apparently they were viable; nevertheless during reproduction 
experiments without dyes observed hatching success was very low.
In synthesis, egg hatching success, embryo viability and egg fertility were 
measured for the first time in this genus. Egg fertility in successive clutches 
suggested that re-mating is not necessary in the species of this genus. Embryo 
viability was high in sac-spawners while hatching success was very low in broad­
cast spawners compromising their recruitment since secondary production was 
comparable among the two spawning modes. Clutch size, egg production rate 
and weight-specific fecundity increased with body weight. Weight-specific fecun­
dity rates were related to those environmental parameters that also characterized 
species optimum environmental conditions of occurrence. Secondary production
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estimated on the basis of weight-specific fecundity was higher in one broadcast 
species but not for the other. Secondary production was not always related to 
species population abundance or spawning modes.
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CHAPTER 7
Overall scenario
This thesis focused on the study of the ecology and reproductive biology of 
Clausocalanus, a planktonic calanoid genus that is widespread both in oceanic 
and coastal marine waters but still poorly investigated. The research has been 
in particular aimed at characterizing the niches of those Clausocalanus species 
occurring in Mediterranean and Atlantic waters for a better understanding of 
their success in various marine regions.
Niches were characterized according to the two major environmental factors 
affecting the distribution and the biological performance of the epipelagic plank­
tonic community: temperature (affecting metabolism and development) and flu­
orescence (the proxy for autotrophic biomass and considered representative of 
potential food available); and to the three dimensional spatial axis observed in 
this study (vertical, horizontal and latitudinal distribution).
The obtained results show that Clausocalanus was present and numerically 
important in all the investigated regions both in the Mediterranean Sea and in 
the Atlantic Ocean where up to eight of its species co-occurred in most of these 
sites. However, although most Clausocalanus species did widely co-occur over spa­
tial and temporal scales, the characteristics of their distribution could be clearly 
discerned, which, coupled with species reproductive performances, allowed to de­
pict species niches and evaluate the degree of their niche separation. Among the 
13 Clausocalanus species reviewed by Frost and Fleminger (1968), 11 species oc­
cur in the Atlantic and 8 of them in the Mediterranean. C. paululus, C. pergens,
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C. furcatus, C. jobei, C. parapergens, C. arcuicornis, (7. lividus and C. mastigo­
phorus were present in most of the surveyed sites, while (7. ingens, (7. brevipes 
and (7. laticeps were restricted to the southern Atlantic Ocean.
Clausocalanus assemblages were dominated by the small-sized species C. paul- 
ulus, (7. pergens and C. furcatus both in the Mediterranean Sea (74.5 ±  20.4%) and 
in the Atlantic Ocean (85.4± 18.1%). They were followed by the medium-sized 
species C. jobei, C. parapergens, C. arcuicornis, C. brevipes and C. laticeps, the 
first three making up 19.8 ±  18.0% in the Mediterranean and all five 13.2 ±  18.1% 
in the Atlantic. The less representative were the large-sized species C. lividus, 
(7. mastigophorus and C. ingens, the fist two acounting for 5.6 ±7.9% in the 
Mediterranean Sea and all three species only 1.4 ±  1.9% in the Atlantic Ocean.
The small-sized Clausocalanus species showed clearly defined niches (Fig. 7.1):
• C. paululus and C. pergens were widely distributed on the temporal and 
spatial (vertical and latitudinal) scales, while C. furcatus was restricted to 
summer-autumn and to the upper layer;
• All three species had wide thermal niches breath but C. paululus and C. per­
gens preferred cold waters while C. furcatus preferred warm waters;
• Despite C. paululus and C. pergens occurred over a wide trophic niche 
breath, C. paululus occurred with similar abundances either in eutrophic 
or oligotrophic conditions while (7. pergens peak abundances were more re­
stricted to eutrophic waters. (7. furcatus had narrower trophic niche breath, 
occurring in oligotrphic-mesotrophic waters.
• So C. paululus had the widest realized niche occurring in cold-temperate 
oligotrophic and eutrophic conditions, C. furcatus had a narrower realized 
niche occurring in warm oligotrophic-mesotrophic conditions, while C. per-
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gens had the narrowest realized niche restricted to cold eutrophic waters.
• When C. pergens and C. paululus realized niches overlapped, they co-exist 
but the former outnumbered the latter. C. furcatus realized thermal niche 
almost did not overlap with those of C. pergens and C. paululus. When 
they co-existed, C. furcatus occurred at very low abundance. In integrated 
samples from large vertical range, these three species seemed to co-exist 
(e.g. in the Atlantic Ocean) while the study at finer scale (offshore station 
in the Gulf of Naples) revealed that they were separated in the vertical 
plane, C. furcatus occurring in the warm surface waters and the other two 
in deeper colder waters;
• C. pergens and C. furcatus had similar secondary production but their max­
imum productions were recorded in opposite thermal conditions: C. pergens 
had its maximum in cold eutrophic conditions while C. furcatus had it in 
warm mesotrophic conditions, reinforcing the large divergence of C. pergens 
and C. furcatus realized niche mainly on the thermal component.
Sac spawners
H i  C. paululus 
C. pergens 
C. furcatus
-  TEMPERATURE +
Figure 7.1. Schematic representation of small Clausocalanus species’ niche 
on the thermal and the trophic components.
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Niche characterization of medium-sized Clausocalanus species was less clear 
(Fig. 7.2):
• C. jobei, C. parapergens and C. arcuicornis had similar horizontal and 
latitudinal distributions, as well as similar seasonal cycles suggesting largely 
overlapping niches;
• C. jobei showed high onshelf preferences while C. arcuicornis was more 
oceanic but it does succeed both in coastal and oceanic environments;
• C. parapergens realized niche was characterized by oligotrophic colder con­
ditions than C. arcuicornis and C. jobei, showing vertical differentiation 
from these two species during the overlapping populations peak (in spring 
at the offshore station in the Gulf of Naples);
• C. arcuicornis generally outnumber the other two species except at onshore 
stations in the Atlantic Ocean where C. jobei dominated;
• Secondary production of C. jobei and C. parapergens was one order of 
magnitude lower than that of C. arcuicornis;
• C. arcuicornis maximum secondary production occurred in spring in the 
Gulf of Naples, suggesting that despite this species had a large niche breath, 
its fitness was higher in mesotrophic conditions. C. jobei maximum sec­
ondary production was measured in the Canary region, reinforcing that 
C. jobei realized niche was not only characterized by temperate mesotrophic 
conditions but also by its neritic preference.
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^  :H i C. parapergens 
©
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Figure 7.2. Schematic representation of small Clausocalanus species’ niche 
on the thermal and the trophic components and on the spatial (depth in the 
water column and distance to coast) components.
Regarding the large-sized Clausocalanus species, their niches could be charac­
terized despite the low population abundance observed (Fig. 7.3):
• C. lividus trophic niche breath extended from oligotrophic to eutrophic 
conditions while that of C. mastigophorus did not extended into eutrophic 
conditions.
• The thermal component of the niche highly differed among the two species: 
C. lividus occurred in temperate antitropical waters while C. mastigophorus 
in warm waters;
• Secondary production estimates reinforced that C. lividus and C. mastigo­
phorus would overlap on the trophic component of the niche in oligotrophic- 
mesotrophic waters but they were separated by the thermal component.
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Figure 7.3. Schematic representation of large Clausocalanus species’ niche 
on the thermal and the trophic components.
Niche overlap among species of different size was also observed:
• C. paululus, C. pergens, C. arcuicornis and C. lividus in eutrophic oceanic 
waters but C. pergens outnumbered the other species;
• C. pergens and C. jobei in cold coastal eutrophic conditions and none of 
them outnumbered the other;
• C. paululus, C. arcuicornis and C. lividus in cold oceanic oligotrophic waters 
but C. paululus outnumbered the others;
• C. furcatus and C. mastigophorus in warm waters but the former outnum­
bered the later.
The observed co-occurrences could suggest that inter-species differences in 
body size could also imply differences in mouthparts (size and/or intersetula dis­
tance or length) as well as differences in swimming behaviour resulting in different 
feeding performance that would allow species to co-occur. The few works that 
have focused so far on Clausocalanus feeding and swimming behaviour (see Ta­
ble 1.2) considered only a few species (C. pergens, C. furcatus, C. arcuicornis,
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C. farrani, C. laticeps, and C. lividus) and comparative analyses cannot yet be 
performed to test this hypothesis. The degree of size differences required to avoid 
feeding competition is largely discussed (Frost, 1980; Simberloff and Boecklen, 
1981; Losos et al., 1989) and competition cannot be dismissed.
When the two different egg-laying modes were analysed, interesting observa­
tions rise up:
• Small and medium-sized species are sac-brooders while large species are 
broadcast spawners;
• Clutch size increases with females size, so different egg-laying modes could 
be consequence of predation pressure;
• In Clausocalanus, only the smallest sac-spawners were the most abundant 
species (C. paululus, C. pergens, C. furcatus and C. arcuicornis) while 
C. jobei and C. parapergens were among the least abundant together with 
the broadcast spawning species;
• Broadcast spawners showed the highest weight-specific fecundity rates of 
the genus but showed similar secondary production to sac-spawners despite 
they never occurred at high abundance;
• Low population abundance of the broadcast spawning species could be prob­
ably related to their low recruitment which was estimated as the lowest 
among congeners due to low egg hatching success;
• Re-mating did not seem to be necessary in either of the two different egg- 
laying modes since stained embryos nuclei of successive clutches indicated 
that eggs were fertilized despite the isolation of the females.
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In conclusion, the niches of eight coexisting Clausocalanus species have been 
characterized. Niches were clearly separated among congeneric species that were 
similar in size but showed a large degree of overlapping in congeneric species that 
differed in size, suggesting that size might be sufficient to prevent competition, or 
congeneric niches would be subtlety separated by environmental factors or biologi­
cal traits that have not been considered in the present study. Species reproductive 
parameters and egg-laying mode largely account to shaping up the species niche 
and to examine their population success throughout secondary production and 
recruitment estimates. The large occurrence and degree of niche separation of the 
three small-sized Clausocalanus species point them as good indicators of water 
masses and global climate change. These results supply a consistent evidence of 
niche separation among similar in size congeneric species in pelagic ecosystems, 
sustaining the ecological and biological differentiation of species to allow coexis­
tence.
The present thesis supplies new quantitative data on eight Clausocalanus 
species not only on adult females but also on adult males over a large distri­
bution range both in the Mediterranean Sea and in the Atlantic Ocean. New data 
on reproductive features and parameters, including for the first time egg hatching 
rate and embryo viability, this last assessments based on a novel method that 
has been set up during this thesis, allowed the first secondary and recruitment 
estimates for seven species. By integrating all the ecological and biological data, 
species niches were depicted and the extent of niches separation was evaluated.
This thesis represents an integrated contribution to our knowledge of the ecol­
ogy and biology of Clausocalanus, and, hopefully, a stimulus for addressing still 
open questions on this very interesting copepod genus.
BIBLIOGRAPHY
Alcaraz, M. Coexistence and segregation of congeneric pelagic copepods: spatial 
distribution of the Acartia complex in the rfa of Vigo (NW of Spain). Journal 
of Plankton Research, 5(6) :891—900, 1983.
Andersen, V., A. Gubanova, P. Nival and T. Ruellet. Zooplankton community dur­
ing the transition from spring bloom to oligotrophy in the open NW Mediter­
ranean and effects of wind events. 2. Vertical distributions and migrations. 
Journal of Plankton Research, 23(3) :243—261, 2001a.
Andersen, V., P. Nival, P. Caparroy and A. Gubanova. Zooplankton commu­
nity during the transition from spring bloom to oligotrophy in the open NW 
Mediterranean and effects of wind events. 1. Abundance and specific composi­
tion. Journal of Plankton Research, 23(3):227-242, 2001b.
Antoine, D., A. Morel and J. M. Andre. Algal pigment distribution and primary 
production in the Eastern Mediterranean as derived from Coastal Zone Color 
Scanner observations. Journal of Geophysical Research, 100(C8): 16193-16210, 
1995.
Arashkevich, E. G. Duration of food digestion in marine copepods. Polskie Archi- 
wum Hydribiologii, 24(Suppl.):431-438, 1977.
Ashjian, C. J., S. L. Smith, C. N. Flagg and C. Wilson. Patterns and occurrence 
of diel vertical migration of zooplankton biomass in the Mid-Atlantic Bight de­
scribed by acoustic Doppler current profiler. Continental Shelf research, 18:831— 
858, 1998.
BIBLIOGRAPHY 240
Atkinson, A. and J. M. Peck. A summer-winter comparison of zooplankton in the 
oceanic area around South Georgia. Polar Biology, 8:463-473, 1988.
Atkinson, A. and J. D. Sinclair. Zonal distribution and seasonal vertical migration 
of copepod assemblages in the Scotia Sea. Polar Biology, 23:46-58, 2000.
Atkinson, A., P. Ward and E. J. Murphy. Diel periodicity of Subantarctic cope­
pods: relationships between vertical migration, gut fullness and gut evacuation 
rate. Journal of Plankton Research, 18(8): 1387—1405, 1996.
Ayukai, T. Fecal pellet production by two species of planktonic calanoid copepods 
fed on naturally occurring particles. Bulletin of Plankton Society of Japan, 
37(2): 167—169, 1990.
Azov, Y. Eastern Mediterranean - A marine desert? Marine Pollution Bulletin, 
23:225-232, 1991.
Bainbridge, V. The zooplankton of the Gulf of Guinea. Bulletin of Marine Ecology, 
8:6lt97, 1972.
Barange, M., E. Pakhomov, R. Perissinotto, P. Froneman, H. Verheye, J. Taunton- 
Clark and M. Lucas. Pelagic community structure of the subtropical conver­
gence region south of Africa and the mid-Atlantic Ocean. Deep-Sea Research I, 
45:1663-1687, 1998.
Beaugrand, G., F. Ibanez, J. Lindley and P. Reid. Diversity of calanoid copepods 
in the North Atlantic and adjacent seas: species associations and biogeography. 
Marine Ecology Progress Series, 232:179-195, 2002a.
Beaugrand, G., P. Reid, F. Ibanez, J. A. Lindley and M. Edwards. Reorganisation
BIBLIOGRAPHY 241
of North Atlantic marine copepod biodiversity and climate. Science, 296:1692- 
1694, 2002b.
Bi, H. Population dynamics of Clausocalanus furcatus (Copepoda, Calanoida) in 
the Northern Gulf of Mexico. Ph.D. thesis, Graduate Faculty of the Lousiana 
State University and Agricultural and Mechanical College, 2005.
Bi, H. and M. Benfield. Egg production rates and stage-specific development 
times of Clausocalanus furcatus (Copepoda, Calanoida) in the northern Gulf of 
Mexico. Journal of Plankton Research, 28:1199-1216, 2006.
Bjonberg, T. K. S. Developmental stages of some tropical and subtropical 
planktonic marine copepods. In Studies on the Fauna of Curagao and Other 
Caribbean Islands, volume 40, page 185. 1972.
Bjonberg, T. K. S. Revisao da distribuigao dos generos Paracalanus, Clausocalanus 
e Ctenocalanus (Copepoda, Crustacea) ao largo do Brasil. Boletim do Instituto 
Oceanografica di Sao Paulo, 29(2):65-68, 1980.
Blanco-Bercial, L. and F. Alvarez Marques. RFLP procedure to discriminate 
between Clausocalanus Giesbercht 1888 (Copepoda, Calanoida) species in the 
Central Cantrabian Sea. Journal of Experimental Marine Biology and Ecology, 
344:73-77, 2007.
Blanco-Bercial, L., F. Alvarez Marques and J. A. Cabal. Changes in the meso- 
zooplankton community associated with the hydrography off the northwestern 
Iberian Peninsula. ICES Journal of Marine Science, 63:799-810, 2006.
Boer, P. J. d. Exclusion or coexistence and the taxonomic or ecological relation­
ship between species. Netherland Journal of Zoology, 30:278-306, 1980.
BIBLIOGRAPHY 242
Bollens, S. M. and B. W. Frost. Ovigerity, selective predation and variable diel 
vertical migration in Euchaeta elengata (Copepoda: Calanoida). Oecologia, 
87:155-161, 1991.
ter Braak, C. and L. Barendregt. Weighted averaging of species indicator values: 
the efficiency in environmental calibration. Mathematical Bioscience, 78:57-72, 
1986.
Bracco, A., A. Provenzale and I. Scheuring. Mesoscale vortices and the paradox 
of the plankton. Proceedings of the Royal Society of London, B267:1795-1800, 
2000 .
Bradford-Grieve, J. M. Colonization of the pelagic realm by calanoid copepods. 
Hydrobiologia, 485:223-244, 2002.
Bottger-Schnack, R. Vertical structure of small metazoan plankton, specieally 
non-calanoic copepods. I. Deep Arabian Sea. Journal of Plankton Research, 
18(7): 1073—1101, 1996.
Bucklin, A., B. W. Frost, J. Bradford-Grieve, L. D. Allen and N. J. Copley. Molec­
ular systematic and phylogenetic assessment of 34 calanoid copepod species of 
the Calanidae and Clausocalanidae. Marine Biology, 142:333-343, 2003.
Bunker, A. J. and A. G. Hirst. Fecundity of marine plankotnic copepods: global 
rates and patterns in relation to chlorophyll a, temperature and body weight. 
Marine Ecology Progress Series, 161:161-181, 2004.
Buttino, I., M. do Espirito Santo, A. Ianora and A. Miralto. Rapid assessment 
of copepod (Calanus helgolandicus) embryo viability using fluorescent probes. 
Marine Biology, 145:393-399, 2004a.
BIBLIO G R A PH Y 243
Buttino, I., A. Peralba and M. G. Mazzocchi. Novel method to detect embryo 
viability in the egg-carring copepod Clausocalanus furcatus. In 37th CIESM  
Congress Proceedings, volume 37, page 225. Barcelona, Catalonia, 2004b.
Calbet, A. and S. Agustf. Latitudinal changes of copepod egg production rates in 
Atlantic waters: temperature and food availability as the main driving factors. 
M arine Ecology Progress Series, 181:155-162, 1999.
Calbet, A., S. Garrido, E. Saiz, M. Alcaraz and C. M. Duarte. Annual zooplankton 
succession in coastal NW Mediterranean waters: the importance of the smaller 
size fraction. Journal of Plankton Research, 23(3) :319—331, 2001.
Calbet, A. and M. R. Landry. Mesozooplankton influences on the microbial food 
web: direct and indirect trophic interactions in the oligotrophic open ocean. 
Limnology and Oceanography, 44(6):1370-1380, 1999.
Calbet, A., E. Saiz and M. Alcaraz. Copepod egg production in the NW Mediter­
ranean: effects of winter environmental conditions. M arine Ecology Progress 
Series, 237:173-184, 2002.
Carli, A. M. and P. Cristafi. Le specie del genere Clausocalanus Giesbrech 
1888 (Copepoda: Calanoida) presenti nel Mar Ligure. A tti Societa Peloritana, 
XV:277-320, 1969.
Scotto di Carlo, B., A. Ianora, E. Fresi and J. Hure. Vertical zonation patterns 
for Mediterranean copepods from the surface to 3000 m at a fixed station in 
the Tyrrhenian Sea. Journal of Plankton Research, 6(6): 1031—1056, 1984.
Carrada, G., T. Hopkins, G. Bonaduce, A. Ianora, D. Marino, M. Modigh, M. Rib­
era d’Alcala and B. Scotto di Carlo. Variability in the hydrographic and bio­
logical features of the Gulf of Naples. P .S .Z .N .I: Mar. Ecol., 1:105-120, 1980.
BIBLIO G RA PH Y 244
Casotti, R., C. Brunet, B. Arnone and M. Ribera d’Alcala. Mesoscale features of 
phytoplankton and planktonic bacteria in a coastal area as induced by external 
water masses. M arine Ecology Progress Series, 195:15-27, 2000.
Casotti, R., A. Landolfi, C. Brunet, F. D’Ortenzio, O. Mangoni and M. Rib­
era d’Alcala. Composition and dynamics of the phytoplankton of the Ionian 
Sea (Eastern Mediterranean). Journal of Geophysical Research, 108c9(8116),
2003.
Castel, J. and C. Courties. Composition and differential distribution of zooplank- 
ton in Arcachon Bay. Journal of Plankton Research, 4(3):41T—433, 1982.
Champalbert, G. Variations nycthemerales du plancton superficiel. II. Especies 
non caracteristique de l’hyponeuston et hyponeuston nocturne. Journal o f Ex­
perim ental M arine Biology and Ecology, 6:55-70, 1971.
Checkley, J., D.M., S. Uye, M. Dagg, M. Mullin, M. Omori, T. Onbe and M.-Y. 
Zhu. Diel variation of the zooplankton and its environment at neritic stations 
in the Inland Sea of Japan and the north-west Gulf of Mexico. Journal o f  
Plankton Research, 14(1):1—40, 1992.
Chiba, S., T. Ishimaru, G. W. Hosie and M. Fukuchi. Spatio-temporal variability 
of zooplankton community structure off east Antarctica (90°to 160°E). M arine  
Ecology Progress Series, 216:95-108, 2001.
Chiba, S. and T. Saino. Variation in mesozooplankton community structure in the 
Japan/East Sea (1991-1999) with possible influence of the ENSO scale climatic 
variability. Progress in Oceanography, 57:317-339, 2003.
Christou, E., I. Siokou-Frangou, D. Georgopoulos and A. Theocharis. On the 
distribution of zooplankton from the Levantine and Ionian Seas in relation with
BIBLIO G R A PH Y 245
the hydrology of the area. In Proceed. 3rd Natl. Symp. Ocean. Fish., pages 
495-503 (in Greek). 1990.
Colton, J. B., D. E. Smith and J. W. Jossi. Further observations on a thermal 
front in the Sargasso Sea. Deep Sea Research, 22:433-439, 1975.
Colton, J. B., Jr., R. F. Temple and K. A. Honey. The occurrence of oceanic 
copepods in the Gulf of Maine-Georges bank area. Ecology, 43(1) :166—171,
1962.
Colwell, R. K. Niche: A bifurcation in the conceptual lineage of the term. In 
LLoyd., E. F.-K. a. E. A., editor, K eywords in evolutionary biology, pages 231- 
240. Cambridge, Massachusetts, USA, Harvard University Press, 1999.
Connell, J. H. Diversity and the coevolution of competitor, or the ghost of com­
petition past. Oikos, 35:131-138, 1980.
Corkett, C. J. and I. A. McLaren. The biology of Pseudocalanus. Advances in  
M arine Biology, 15:1-231, 1978.
Cornils, A. Seasonal dynam ics of the copepod population in an oligotrophic en­
vironm ent - the Northern Gulf of Aquaba (Red Sea). Ph.D. thesis, Universitat 
Bremen, 2005.
Cornils, A., B. Niehoff, C. Richter, T. Al-Najjar and S. B. Schnack-Schiel. Sea­
sonal abundance and reproduction of clausocalanid copepods in the northern 
Gulf of Aqaba (Red Sea). Journal of Plankton Research, 29(l):57-70, 2007.
Darwin, C. The Origin of Species. Coleccion Centenario. Espasa, 1872.
BIBLIO G R A PH Y 246
Deevey, G. B. The annual cycle in quantity and composition of the zooplankton 
of the Sargasso Sea off Bermuda. I. The upper 500m. Limnology and Oceanog­
raphy, 16(2) :219—240, 1971.
Deevey, G. B. and A. L. Brooks. The annual cycle in quantity and composition 
of the zooplankton of the Sargasso Sea off Bermuda. II. The surface to 2.000m. 
Limnology and Oceanography, 16(6):927-943, 1971.
Dessier, A. and J. R. Donguy. The sea surface salinity of the tropical Atlantic 
between 10°N and 10°S- seasonal and interannual variations 1977-1989. Deep- 
Sea Research I, 41(81-100), 1994.
Di Capua, I. and M. G. Mazzocchi. Population structure of the copepods Cen- 
tropages typicus and Temora stylifera in different environmental conditions. 
IC E S Journal of M arine Science, 61:632-644, 2004.
D’Ortenzio, F. Space and Tim e Occurrence o f Algal Blooms in the M editerranean: 
their Significance fo r  the Trophic Regime of the Basin. Ph.D. thesis, Open 
University, 2003.
Durbin, E. G. and M. C. Casas. Abundance and spatial distribution of cope­
pods on Georges Bank during the winter/spring period. Deep-Sea Research II, 
53:2537-2569, 2006.
Edmondson, W. Reproductive rates determined directly from egg ratio. In Ed­
mondson WT, W. G., editor, A manual on methods fo r  assessm ent o f secondary 
production in fresh waters, page 1650169. Blackwell Scientific, Oxford, 1971.
Elton, C. A nim al ecology. Sidegwick and Jackson, London, 1927.
BIBLIO G R A PH Y 247
Errhif, A., S. Razouls and P. Mayzaud. Composition and community structure of 
pelagic copepods in the Indian sector of the Antarctic Ocean during the end of 
the austral summer. Polar Biology, 17:418-430, 1997.
Estrada, M., C. Marrase, M. Latasa, E. Berdalet, M. Delgado and T. Riera. 
Variability of deep chlorophyll maximum characteristics in the Northwestern 
Mediterranean. M arine Ecology Progress Series, 92:289-300, 1993.
Fragopoulu, N. and J. J. Lykakis. Vertical distribution and nocturnal migration 
of zooplankton in relation to the development of the seasonal thermocline in 
Patraikos Gulf. M arine Biology, 104(3) :381—387, 1990.
Fragopoulu, N., I. Siokou-Frangou, E. Christou and M. Mazzocchi. Patterns 
of vertical distribution of Pseudocalanidae and Paracalanidae (Copepoda) in 
pelagic waters (0 to 300 m) of the Eastern Mediterranean Sea. Crustaceana, 
74:49-68, 2001.
Froneman, P. W. and E. A. Pakhomov. Biogeographic study of the planktonic 
communities of the Prince Edward Islands (Southern Ocean). Journal of Plank­
ton Research, 20(4):653-669, 1998.
Froneman, P. W., E. A. Pakhomov, L. J. Gurney and B. P. V. Hunt. Pre­
dation impact of carnivorous macrozooplankton in the vicinity of the Prince 
Edward Island archipelago (Southern Ocean) in austral autumn 1998. Deep 
Sea Research P art II: Topical Studies in Oceanography The Southern Ocean II: 
Clim atic Changes and the Cycle o f Carbon, 49(16):3243-3254, 2002.
Frost, B. W. Distribution of the oceanic, epipelagic copepod genus Clausocalanus 
with an analysis of sim patry of north Pacific species. Ph.D. thesis, University 
of California, 1969.
BIBLIO G R A PH Y 248
Frost, B. W. The inadequacy o f body size as an indicator of niches in the zooplank­
ton. Evolution and Ecology of Zooplankton Populations. American Society of 
Limnology and Oceanography Special Symposium III, kerfoot, w. c. (ed.) edi­
tion, 1980.
Frost, B. W. and A. Fleminger. A revision of the genus Clausocalanus (Copepoda: 
Calanoida) with remarks on distributional patterns in diagnostic characters, 
volume 12. Bulletin of the Scripps Institution of Oceanography, 1968.
Gallienne, C., D. Robins and R. Woodd-Walker. Abundance, distribution and size 
structure of zooplankton along a 20°west meridional transect of the northeast 
Atlantic Ocean in July. Deep-Sea Research I f  48:925-949, 2001.
Gallienne, C. P. and D. B. Robins. Is Oithona the most important copepod in the 
world’s oceans? Journal of Plankton Research, 23(12):1421—1432, 2001.
Gaudy, R. Contribution a la connaissance du cycle biologique des copepodes du 
Golfe de Marseille. 2. Etude du cycle biologique de quelques especes caracteris- 
tiques. Tethys, 4:175-242, 1972.
Ghilarov, A. M. The paradox of the plankton reconsidered; Or, why do species 
coexist? Oikos, 43(l):46-52, 1984.
Giesbrecht, W. System atik and Faunastik der Pelagischen Copepoden des Golfes 
von Neapel und der angrenzen M eeresabschnitte, volume Neapel,19 of Fauna 
Flora Goulf. 1892.
Gifford, D. J. and M. J. Dagg. Feeding of the estuarine copepod A cartia tonsa  
Dana: carnivory vs. herbivory in natural microplankton assemblages. Bulletin  
of M arine Science, 43:458-468, 1988.
BIBLIO G R A PH Y 249
Gil, J., L. Valdes, M. Moral, R. Sanchez and C. Gracfa-Soto. Mesoscale variability 
in a high-resolution gid in the Cantabrian Sea (southern Bay of Biscay), May 
1995. Deep-Sea Research /, 49:1591-1607, 2002.
Greze, V. Zooplankton of the Ionian Sea. Okeanologiya Issl., 9:42-59 (in Russian),
1963.
Grice, G. D. and A. D. Hart. The abundance, seasonal occurrence and distribution 
of the epizooplankton between New York and Bermuda. Ecological Monographs, 
32(4):287-309, 1962.
Griesemer, J. R. Niche: Historical perspectives. In LLoyd., E. F.-K. a. E. A., 
editor, Keywords in evolutionary biology, pages 231-240. Cambridge, Mas­
sachusetts, USA, Harvard University Press, 1999.
Grinnell, J. The niche-relations of the California Thrasher. Auk, 34:427-433, 1917.
Halvorsen, E., A. G. Hirst, S. D. Batten, K. S. Tande and R. S. Lampitt. Diet 
and community grazing by copepods in an upwelled filament off the NW coast 
of Spain. Progress in Oceanography, 51:399-421, 2001.
Hardin, G. The competitive exclusion principle. Science, 131(3409):1292-1297, 
1960.
Haury. Vertical distribution of Pleurom am m a (Copepoda: Metridinidae) across 
the eastern North Pacific Ocean. Hydrobiologia, 167/168:335-342, 1988.
Hayward, T. L. and J. A. McGowan. Pattern and structure in an oceanic zoo­
plankton community. Am erican N aturalist, 19:1045-1055, 1979.
BIBLIO G R A PH Y 250
Head, R., R. Harris, D. Bonnet and X. Irigoien. A comparative study of size- 
fractioned mesozooplantkon biomass and grazing in the North East Atlantic. 
Journal of Plankton Research, 21(12) :2285—2308, 1999.
Head, R., G. Medina, I. Huskin, R. Anadon and R. Harris. Phytoplankton and 
mesoplankton distribution and composition during transects of the Azores Sub­
tropical Front. Deep-Sea Research I f  49:4023-40-34, 2002a.
Head, R. N., G. Medina, I. Huskin, R. Anadon and R. P. Harris. Phytoplank­
ton and mesozooplankton distribution and composition during transects of the 
Azores Subtropical Front. Deep Sea Research P art I f  49(19) :4023-4034, 2002b.
Hernandez-Leon, S. Annual cycle of epiplanktonic copepods in Canary Island 
waters. Fisheries Oceanography, 7(3/4):252—257, 1998.
Heron, G. A. and T. E. Bowman. Postnaupliar developmental stages of the Cope­
pod Crustaceans Clausocalanus laticeps, C. brevipes and Ctenocalanus c iter  
(Calanoida: Pseudocalanidae). Biology of the A ntarctic Seas. A ntarctic R e­
search Series, 17:141-165, 1971.
Hirst, A. G. and A. J. Bunker. Growth of marine planktonic copepods: Global 
rates and patterns in relation to chlorophill a, temperature, and body weight. 
Limnology and Oceanography, 48(5):1988-2010, 2003.
Hirst, A. G. and T. Kiprboe. Mortality of marine planktonic copepods: global 
rates and patterns. M arine Ecology Progress Series, 230:195-209, 2002.
Hirst, A. G. and R. S. Lampitt. Towards a global model of in situ weight-specific 
growth in marine planktonic copepods. M arine Biology, 132:247-257, 1998.
BIBLIO G RA PH Y 251
Hirst, A. G. and A. D. McKinnon. Does egg production represent adult female 
copepod growth? A call to account for body weight changes. M arine Ecology 
Progress Series, 223:179-199, 2001.
Hooker, S. B., N. W. Rees and J. Aiken. An objective methodology for identifying 
oceanic provinces. Progress in Oceanography, 45:313-338, 2000.
Hopcroft, R. R. and J. C. Roff. Zooplankton growth rates: the influence of female 
size and resources on egg production of tropical marine copepods. M arine 
Biology, 132(1) :79-86, 1998.
Hopcroft, R. R., J. C. Roff and F. P. Chavez. Size paradigms in copepod commu­
nities: a re-examination. Hydrobiologia, 453/454:133-141, 2001.
Hsieh, C.-H. and T.-S. Chiu. Summer spatial distribution of copepods and fish 
larvae in relation to hydrography in the northern Taiwan Strait. Zoological 
Studies, 41 (1):85—98, 2002.
Huisman, J., A. M. Johansson, E. 0. Folmer and F. J. Weissing. Towards a 
solution of the plankton paradox: the importance of physiology and life history. 
Ecology Letters, 4:408-411, 2001.
Hunt, B., E. Pakhomov and C. McQuaid. Community structure of mesozooplank- 
ton in the Antarctic polar rontal zone in the vicinity of the Prince Edward 
Islands (Southern Ocean): small-scale distribution patterns in relation to phys­
ical parameters. Deep-Sea Research //, 49:3307-3325, 2002.
Hunt, B. P. V. and G. W. Hosie. The Continuous Plankton Recorder in the 
Southern Ocean: a comparative analysis of zooplankton communities sampled 
by the CPR and vertical net hauls along 140°E. Journal o f Plankton Research, 
25(12) :1561—1579, 2003.
BIBLIO G R A PH Y 252
Huntley, M. E. and M. D. G. Lopez. Temperature-dependent production of marine 
copepods: a global synthesis. Am erican N aturalist, 140(2):201-242, 1992.
Hure, J. and B. Scotto di Carlo. Distribuzione e frequenza delle specie del genere 
Clausocalanus Giesbrech, 1888 (Copepoda: Calanoida) nel Golfo di Napoli e 
nell’Adriatico Meridionale. Pubblicazioni Stazione Zoologica Napoli, 38:289- 
304, 1970.
Hure, J., A. Ianora and B. Scotto di Carlo. Spatial and temporal distribution 
of copepod communities in the Adriatic Sea. Journal of Plankton Research, 
2(4):295-316, 1980.
Huskin, I., R. Anadon, G. Medina, R. Head and R. Harris. Mesozooplankton 
distribution and copepod grazing in the Subtropical Atlantic near the Azores: 
Influence of mesoscale structures. Journal o f Plankton Research, 23(7):671-691,
2001 .
Huskin, I., L. Viesca and R. Anadon. Particle flux in the Subtropical Atlantic 
near the Azores: influence of mesozooplankton. Journal of Plankton Research, 
26(4):403-415, 2004.
Hutchinson, G. The paradox of the plankton. The Am erican N aturalist, 
95(882):137-145, 1961.
Hutchinson, G. E. Concluding remarks. Cold Spring Harbor Sym posium  Quanti­
tative Biology, 22:415-427, 1957.
Huys, R. and G. A. Boxshall. Copepod Evolution, volume 159. The Royal Society, 
London, 1991.
BIBLIO G RA PH Y 253
Hwang, J. S., Q. C. Chen and C. K. Wong. Taxonomic composition, density and 
biomass of free-living copepods in the coastal waters of southwestern Taiwan. 
Crustaceana, 76(2):193-206, 2003.
Ianora, A. Copepod life history traits in subtemperate regions. Journal of M arine 
System s, 15:337-349, 1998.
Ianora, A., B. di Carlo, M. Mazzocchi and P. Mascellaro. Histomorphological 
changes in the reproductive condition of parasitized marine planktonic cope­
pods. Journal of Plankton Research, 12(2):249—258, 1990.
Ianora, A., S. A. Poulet, A. Miralto and R. Grottoli. The diatom Thalassiosira ro- 
tula affects reproductive success in the copepod A cartia clausi. M arine Biology, 
125:279-286, 1996.
Iennaco, I. Evoluzione spatio-tem porale del fitoplancton in un esperim ento la- 
grangiano nel M editerraneao Nord Occidentale. Ph.D. thesis, Universita degli 
studi di Napoli ’Parthenope’, 2004.
Ikeda, T. and S. Motoda. Estimated zooplankton prodcution and their ammonia 
excretion in the Kuroshio and adjacent seas. Fishery Bulletin, 76:357-367, 1978.
Irigoien, X., R. P. Harris, H. M. Verheye, P. Joly, J. Runge, M. Starr, D. Pond, 
R. Campbell, R. Shreeve, P. Ward, A. N. Smith, H. G. Dam, W. Peterson, 
V. Tirelli, M. Koski, T. Smith, D. Harbour and R. Davidson. Copepod hatching 
success in marine ecosystems with high diatom concentrations. Nature, 419:387- 
389, 2002.
Isari, S., A. Ramfos, S. Somarakis, C. Koutsikopoulos, A. Kallianiotis and N. Fra­
gopoulu. Mesozooplankton distribution in relation to hydrology of the North-
BIBLIO G R A PH Y 254
eastern Aegean Sea, Eastern Mediterranean. Journal of Plankton Research, 
28(3):241—255, 2006.
John, E. H., S. D. Batten, R. P. Harris and G. C. Hays. Comparison between 
zooplankton data collected by the Continuous Plankton Recorder survey in the 
English Channel and by WP-2 nets at station L4, Plymouth (UK). Journal of 
Sea Research, 46:223-232, 2001.
Kahan, D., Y. Berman and T. Bar-El. Maternal inhibition of hatching at high 
population desities in Tigriopus japonicus (Copepoda, Crustacea). Biological 
B ulletin, 174(2) :139-144, 1988.
Kimoto, K., S. Uye and T. Onbe. Egg production of a brackish-water calanoid 
copepod Sinocalanus tenellus in relation to food abundance and temperature. 
Bulletin of Plankton Society of Japan, 33:133-145, 1986.
Kiprboe, T. Sex, sex-ratios, and the dynamics of pelagic copepod populations. 
Oecologia, 148:40-50, 2006.
Kiprboe, T. Mate finding, mating, and population dynamics in planktonic cope­
pod Oithona davisae: There are too few males. Limnology and Oceanography, 
52(2) :1511—1522, 2007.
Kiprboe, T., F. Mohlenberg and H. U. Rhsgard. In situ feeding rates of planktonic 
copepods: A comparison of four methods. Journal of Experim ental M arine  
Biology and Ecology, 88:67-81, 1985.
Kiprboe, T. and M. Sabatini. Reproductive and life cycle strategies in egg-carrying 
cyclopoid and free-spawning calanoid copepods. Journal of P lankton Research, 
16(19) :1353—1366, 1994.
BIBLIO G R A PH Y 255
Ki0rboe, T. and M. Sabatini. Scaling of fecundity, growth and development in 
marine planktonic copepods. M arine Ecology Progress Series, 120:285-298, 
1995.
Kiprboe, T. and E. Saiz. Planktivorous feeding in calm and turbulent environ­
ments, with emphasis on copepods. M arine Ecology Progress Series, 122:135- 
145, 1995.
Klein, B., W. Roether, B. Manca, D. Bregant, V. Beitzel, V. Kovacevic and 
A. Luchetta. The large deep water transient in the Eastern Mediterranean. 
Deep-Sea Research, I - 46:371-414, 1999.
Kleppel, G. S. On the diets of calanoic copepods. M arine Ecology Progress Series, 
99:183-195, 1993.
Kouwenberg, J. H. M. Sex ratio of calanoid copepods in relation to population 
composition in the northwestern Mediterranean Sea. Crustaceana, 64(3):281- 
299, 1993.
Kuriyana and Nishida. Species diversity and niche-partitioning in the pelagic 
copepods of the family Scolecitrichidae (Calanoida). Crustaceana, 79(3) :293- 
317, 2006.
Lakkis, S. Coexistence and competition within A cartia (Copepoda, Calanoida) 
congeners from Lebanese coastal water: niche overlap measurements. Hydrobi- 
ologia, 292/293:481-490, 1994.
Landry, M. R., C. Lorenzen and R. G. Peterson. Mesozooplankton grazing in 
the Southern California Bight. II. Grazing impact and particulate flux. M arine  
Ecology Progress Series, 115:73-85, 1994a.
BIBLIO G RA PH Y 256
Landry, M. R., W. K. Peterson and V. L. Fagerness. Mesozooplankton grazing 
in the Southern California Bight. I. Population abundances and gut pigment 
contents. M arine Ecology Progress Series, 115:55-71, 1994b.
Legendre, P. and L. Legendre. Num erical Ecology, volume 20 of D evelopm ents in 
Environm ental Modelling. Elsevier Scientific Publishing Company, Amsterdam, 
second english edition edition, 1998.
Leibold, M. and A. Tessier. Habitat structure and the structure of lake plankton 
communities. In B. Streit, T. S. and C. J.Lively, editors, Ecology and evolution  
of freshw ater animals, pages 3-30. Basel, Birkhauser, 1997.
Lindley, J. A. Eggs and their incubation as factors in the ecology of planktonic 
Crustacea. Journal of Crustacean Biology, 14(4):569-576, 1997.
Lo, W.-T., C.-T. Shih and J.-S. Hwang. Diel vertical migration of the plank­
tonic copepods at an upwelling station north of Taiwan, western North Pacific. 
Journal of Plankton Research, 26(1) :89—97, 2004.
Longhurst, A. Relationship between diversity and the structure of the upper 
ocean. Deep-Sea Research I, 32:1535-1570, 1985.
Longhurst, A. Ecological Geography of the Sea. Academic Press. Elsevier, 2nd 
edition edition, 2006.
Longhurst, A., S. Sathyendranath, T. Platt and C. Caverhill. An estimate of 
global primary production in the ocean from satellite radiometer data. Journal 
of Plankton Research, 17(6):1245—1271, 1995.
Longhurst, A. and R. Williams. Materials for plankton modelling: Vertical dis­
BIBLIO G R A PH Y 257
tribution of Atlantic zooplankton in summer. Journal of Plankton Research, 
1 (1) :1—28, 1979.
Lonsdale, D., M. Frey and T. Snell. The role of chemical signals in copepod 
reproduction. Journal of M arine System s, 15:1-12, 1998.
Lopes, R., F. Brandini and S. Gaeta. Distribution patterns of epipelagic cope­
pods off Rio de Janeiro (SE Brasil) in summer 1991/1992 and winter 1992. 
Hydrobiologia, 411:161-174, 1999.
Losos, J. B., S. Naeem and R. Colwell. Hutchinsonian ratios and statistical power. 
Evolution, 43(8):1820-1826, 1989.
Levy, M., L. Memery and G. Madec. Combined effects of mesoscale processes 
and atmospheric high-frequency variability on the spring bloom in the MEDOC 
area. Deep-Sea Research I, 47:27-53, 2000.
MacArthur, R. and R. Levins. The limiting similarity, convergence and divergence 
of coexisting species. Am erican Naturalist, 101:377-385, 1967.
MacLellan, D. C. and C. T. Shih. Description of copepodid stages of Chiridius 
gracilis Farran 1908 (Crustacea: Copepoda). Journal of the Fisheries Research 
Board of Canada, 31(8):1337-1349, 1974.
Madec, G., F. Lott, P. Delecluse and M. Crepon. Large-scale preconditioning 
of deep-water formation in the northwestern Mediterranean Sea. Journal of 
Physical Oceanography, 26:1393-1408, 1996.
Malanotte-Rizzoli, P., B. B. Manca, M. Ribera d’Alcala and A. Teocharis. The 
Eastern Mediterranean in the 80’s and in the 90’s: The big transition from 
POEM-BC observational evidence. In Malanotte-Rizzoli, P. and V. N. Eremeev,
BIBLIO G RA PH Y 258
editors, The E astern M editerranean as a laboratory basin fo r  the assessm ent of 
contrasting ecosystems, volume 51 of Environm ental Security, pages 1-6. Kluwer 
Academic Publisher, Dordrecht, 1999a.
Malanotte-Rizzoli, P., B. B. Manca, M. Ribera d’Alcala, A. Teocharis, S. Brenner, 
G. Budillon and E. Ozsoy. The Eastern Mediterranean in the 80’s and in the 
90’s: The big transition in the intermediate and deep circulation. D ynam ics of 
Atm ospheres and Oceans, 29:365-395, 1999b.
Manca, B. B. Recent changes in dynamics of the eastern Mediterranean affecting 
the water characteristics of the adjacent basins. In Briand, F., editor, The 
E astern M editerranean Transient, CIESM, pages 27-31. Monaco, 2000.
Manca, B. B., V. Ibello, M. Pacciaroni, P. Scarazzato and A. Giorgetti. Ventilation 
of deep waters in the Adriatic and Ionian Seas following changes in thermohaline 
circulation of the Eastern Mediterranean. Clim ate Research, 31:227-237, 2006.
Marin, V. The oceanographic structure of the eastern Scotia Sea-IV. Distribution 
of copepod species in relation to hydrography in 1981. Deep-Sea Research, 
34(1):105-121, 1987.
Marino, D., M. Modigh and A. Zingone. General features of phytoplankton com­
munities and primary production in the Gulf of Naples and adjacent waters. 
In O. Holm-Hansen, L. B. and R. Gilles, editors, M arine phytoplankton and 
productivity, pages 89-100. Springer, Berlin, 1984.
Alvarez Marques, F. El genero Clausocalanus Giesbrecht, 1888 (Copepoda 
Calanoida) en el plankton costero del Cantabrico asturiano. Rev. Fac. Cienc. 
Univ. Oviedo (Ser. Biologia), 20-21:157-167, 1979. Spanish.
BIBLIO G R A PH Y 259
Marrari, M., M. Vinas, P. Martos and D. Hernandez. Spatial patterns of meso­
zooplankton distribution in the Southwestern Atlantic Ocean (34°-41°S) during 
austral spring: relationship with the hydrographic conditions. IC E S Journal 
of M arine Science The role o f Zooplankton in Global Ecosystem  D ynam ics: 
Comparative studies from  the W orld Oceans, 61(4):667-679, 2004.
Marshall, S. and A. Orr. Hatching in Calanus finmarchicus and some other cope­
pods. Journal o f the M arine Biological Associacion UK , 33:393-401, 1954.
Marty, J. C. Operation DYFAMED, rapport d’activite pour 1993 et programme 
pour 1994 programme France/JGOFS. Technical report, 1993.
Matthews, J. B. L. On the biology of some bottom-living copepods (Aetideidae 
and Phaennidae) from western Norway. Sarsia, 16:1-46, 1964.
Mauchline, J. Egg and brood size of oceanic pelagic crustaceans. M arine Ecology 
Progress Series, 43:251-258, 1988.
Mauchline, J. Bathymetric adaptations of life history patterns of congeneric 
species (Euchaeta: Calanoida) in a 2000 m water column. IC E S Journal of 
M arine Science, 52:511-516, 1995.
Mauchline, J. The Biology o f Calanoid Copepods, volume 33. Advances in Marine 
Biology, 1998.
Mayzaud, O., P. Mayzaud, C. de la Bigne, P. Grohan and R. J. Conover. Diel 
changes in the particulate environment, feeding activity and digestive enzyme 
concentration in neritic zooplankton. Journal of Experim ental M arine Biology 
and Ecology, 84(1):15—35, 1984.
BIBLIO G RA PH Y 260
Mayzaud, 0., S. Razouls, A. Errhif, V. Tirelli and J. P. Labat. Feeding, respira­
tion and egg production rates of copepods during austral spring in the Indian 
sector of the Antarctic Ocean: role of the zooplankton community in carbon 
transformation. Deep-Sea Research /, 49:1027-1048, 2002a.
Mayzaud, P., V. Tirelli, A. Errhif, J. P. Labat, S. Razouls and R. Perissinotto. 
Carbon intake by zooplankton. Importance and role of zooplankton grazing in 
the Indian sector of the Southern Ocean. Deep-Sea Research 77, 49:3169-3187, 
2002b.
Mazzocchi, M. and G.-A. Paffenhofer. First observations on the biology of Clau­
socalanus furcatus (Copepoda, Calanoida). Journal of Plankton Research, 
20(2) :331—342, 1998.
Mazzocchi, M. and G.-A. Paffenhofer. Swimming and feeding behaviour of the 
planktonic copepod Clausocalanus furcatus. Journal o f Plankton Research, 
21 (8): 1501—1518, 1999.
Mazzocchi, M. G., E. Christou, N. Fragopoulu and I. Siokou-Frangou. Meso­
zooplankton distribution from Sicily to Cyprus (Eastern Mediterranean): I. 
General aspects. Oceanologica A cta , 20(3):521-535, 1997.
Mazzocchi, M. G. and A. Ianora. A faunistic study of the copepod assemblages 
in the strait of Magellan. B ollettino di Oceanologia Teorica ed A pplicata, IX(2- 
3) :163—177, 1991.
Mazzocchi, M. G., D. Nervegna, G. D’Elia and I. Di Capua. Spring mesozoo­
plankton communities in the epipelagic Ionian Sea in relation to the Eastern 
Mediterranean Transient. Journal o f Geophysical Research, 108(C9):8114, 2003.
BIBLIO G RA PH Y 261
Mazzocchi, M. G. and M. Ribera d’Alcala. Recurrent patterns in zooplankton 
structure and succession in a variable coastal environment. IC E S Journal of 
M arine Science Zooplankton Production, 52(3-4):679-691, 1995.
McGowan, J. A. and P. W. Walker. Structure in the copepod community of the 
North Pacific central gyre. Ecological Monographs, 49(2):195-226, 1979.
McGowan, J. A. and P. W. Walker. Dominance and diversity maintenance in an 
oceanic ecosystem. Ecological Monographs, 55(1): 103-118, 1985.
Modigh, M. Seasonal variations of photosynthetic ciliates at a Mediterranean 
coastal site. Aquatic M icrobial Ecology, 23:163-175, 2001.
Montresor, M., L. Nuzzo and M. G. Mazzocchi. Viability of dinoflagellate cysts 
after the passage through the copepod gut. Journal of Experim ental M arine  
Biology and Ecology, 287(2):209-221, 2003.
Morales, C. E., A. Bedo, R. P. Harris and P. R. G. Tranter. Grazing of cope­
pod assemblages in the north-east Atlantic: the importance of the small size 
fraction. Journal of Plankton Research, 13:455-472, 1991.
Morales, C. E., R. P. Harris, R. N. Head and P. R. G. Tranter. Copepod grazing in 
the oceanic northeast Atlantic during a 6 week drifting station: the contribution 
of size classes and vertical migrants. Journal o f Plankton Research, 15(2):185- 
212, 1993.
Napolitano, E., T. Oguz, P. Malanotte-Rizzoli, A. Yilmaz and E. Sansone. Simu­
lations of biological production in the Rhodes and Ionian basins of the eastern 
Mediterranean. Journal of M arine System s, 24:277-298, 2000.
BIBLIO G RA PH Y 262
Nichols, J. H. and A. B. Thompson. Mesh selection of copepodite and nau- 
plius stages of four calanoid copepod species. Journal of Plankton Research, 
13(3) :661—671, 1991.
Nielsen, T. G., E. Moller, S. Stapoomin, M. Ringuette and R. R. Hopcroft. Egg 
hatching rate of the cyclopoid copepod Oithona sim ilis in arctic and temperate 
waters. M arine Ecology Progress Series, 236:301-306, 2002.
Nival, P. and S. Nival. Efficacite de filtration des copepodes planctoniques. Ann. 
I n s t  Oceanogr., 49(2):135-144, 1973.
Ohtsuka, S. and R. Huys. Sexual dimorphism in calanoid copepods: morphology 
and function. Hydrobiologia, 453/454:441-466, 2001.
Paffenhofer, G. A. Oxygen consumption in relation to motion of marine planktonic 
copepods. M arine Ecology Progress Series, 317:187-192, 2006.
Paffenhofer, G.-A. and M. G. Mazzocchi. On some aspects of the behaviour of 
Oithona plumifera (Copepoda: Cyclopoida). Journal of Plankton Research, 
24(2):129-135, 2002.
Paffenhofer, G. A. and M. G. Mazzocchi. Vertical distribution of subtropical 
epiplanktonic copepods. Journal o f Plankton Research, 25(9):1139—1156, 2003.
Paffenhofer, G. A., M. G. Mazzocchi and M. W. Tzeng. Living on the edge: 
feeding of subtropical open ocean copepods. M arine Ecology, 27(2):99-108, 
2006.
Pancucci-Papadopoulou, M.-A., I. Siokou-Frangou, A. Theocharis and D. Geor- 
gopoulos. Zooplankton vertical distribution in relation to hydrology in the NW
BIBLIO G RA PH Y 263
Levantine and the SE Aegean seas (spring 1986). Oceanologica A cta , 15(4) :365- 
381, 1992.
Peralba, A. and M. G. Mazzocchi. Vertical and seasonal distribution of eight Clau­
socalanus species (Copepoda: Calanoida) in oligotrophic waters. IC E S Journal 
of M arine Science The role of Zooplankton in Global E cosystem  D ynam ics: 
Comparative studies from  the W orld Oceans, 61 (4) :645—653, 2004.
Peterson, W. T., J. Gomez-Gutierrez and C. A. Morgan. Cross-shelf variation in 
calanoid copepod production during summer 1996 off the Oregon coast, USA. 
M arine Biology, 141(353-365), 2002.
Peterson, W. T. and J. E. Keister. The effect of a large cape on distribution 
patterns of coastal and oceanic copepods off Oregon and northern California 
during the 1998-1999 El Nino/La Nina. Progress In Oceanography, 53:389-411,
2002 .
Pinardi, N. SINAPSI (Seasonal Interannual and Decadal Variability of the At­
mosphere, Oceans and Marine Ecosystems). Globec In ternational N ew sletter, 
6 (2) :11—12, 2000 .
Piontkovski, S. A., T. D. O’Brien, S. Fonda Umani, E. G. Krupa, T. S. Struge, 
K. S. Balymbetov, O. V. Grishaeva and A. G. Kasymov. Zooplankton and 
the North Atlantic Oscillation: a basin-scale analysis. Journal of Plankton  
Research, 28(11):1039-1046, 2006.
POEM-group. General circulation of the Eastern Mediterranean. Earth-Science 
R eviews, 32:285-309, 1992.
Poulet, S. A., A. Ianora, M. Laabir and W. C. M. Klein Breteler. Towards
BIBLIO G R A PH Y 264
the measurement of secondary production and recruitment in copepods. IC ES  
Journal of M arine Science, 52:359-368, 1995.
Queiroga, H., C. Silva, J.-C. Sorbe and F. Morgado. Composition and distribution 
of zooplankton across an upwelling front on the northern Portuguese coast 
during summer. Hydrobiologia, 545:195-207, 2005.
Rabitti, S., F. Bianchi, A. Boldrin, L. Da Ros, G. Socal and C. Totti. Particulate 
matter and phytoplankton in the Ionian Sea. Oceanologica A cta , 17(3):297-307, 
1994.
Razouls, C., F. de Bovee, J. Kouwenberg and N. Desreumaux. Diversity and ge­
ographic distribution of marine planktonic copepods. See h ttp://copepodes.obs- 
banyuls.fr, 2005-2007.
Razouls, C. and J. Durand. Inventaire des copepodes planctoniques mediterranees. 
Vie et M ilieu, 41:73-77, 1991.
Razouls, C. and J. Kouwenberg. Spatial distribution and seasonal variation of 
mesozooplankton biomass in the gulf of Lions (northwestern Mediterranean). 
Oceanologica A cta , 16:393-401, 1993.
Regner, D. Some new data on the genus Clausocalanus in the Central Adriatic. 
Rapports et Proces-Verbaux des Reunions de la Com m ission Internationale pour 
I’Exploration Scientifique de la M er M editerranee, 23:97-98, 1976.
Reiss, C. S., A. Anis, C. T. Taggart, J. F. Dower and B. Ruddick. Relation­
ship among vertically structured in situ measures of turbulence, larval fish 
abundacne and feeding success and copepods on Western Bank, Scotian Shelf. 
Fisheries Oceanography, 11 (3):156—174, 2002.
BIBLIO G R A PH Y 265
Reynolds, C. S. Scales of disturbance and their role in plankton ecology. Hydro- 
biologia, 249:157-171, 1993.
Ribera d’Alcala, M., F. Conversano, F. Corato, P. Licandro, O. Mangoni, 
D. Marino, M. Mazzocchi, M. Modigh, M. Montresor, M. Nardella, V. Sag- 
giomo, D. Sarno and A. Zingone. Seasonal patterns in plankton communities in 
a pluriannual time series at a coastal Mediterranean site (Gulf of Naples): an 
attempt to discern recurrences and trends. Scientia M arina, 68(Suppl. 1):65—83,
2004.
Ribera d’Alcala, M., M. Modigh, M. Moretti, V. Saggiomo, M. Scardi, G. Spezie 
and A. Zingone. Una storia infinita. Eutrofizzazione nella Baia di Napoli. Oe- 
balia, 15:491-501, 1989.
Ribera Maycas, E., A. Bourdillon, C. Macquart-Moulin, F. Passelaigue and G. Pa- 
triti. Diel variations of the bathymetric distribution of zooplankton groups and 
biomass in Cap-Ferret Canyon, France. Deep-Sea Research //, 46:2081-2099, 
1999.
Richerson, P., R. Armstrong and C. R. Goldman. Contemporaneous disequilib­
rium: A new hypothesis to explain the paradox of the plankton. Proceedings of 
the Natural Academ ic o f Science USA, 67:1710-1714, 1970.
Robins, D. B. and J. Aiken. The Atlantic Meridional Transect: An oceanographic 
research programme to investigate physical, chemical, biological and optical 
variables of the Atlantic Ocean. Underwater Technology, 21 (4):8—14, 1996.
Robinson, A. R., M. Golnaraghi, W. G. Leslie, A. Artegiani, A. Hecht, E. Lazzoni, 
A. Michelato, E. Sansone, A. Theocharis and . Unliiata. The Eastern Mediter-
BIBLIO G R A PH Y 266
ranean general circulation: features, structure and variability. D ynam ics of 
Atm ospheres and Oceans, 15:215-240, 1991.
Roe, H. S. J. The diel migrations and distributions within a mesopelagic commu­
nity in the North East Atlantic. 4. The copepods. Progress in Oceanography, 
13:353-388, 1984.
Roether, W., B. Manca, B. Klein, D. Bregant, D. Georgopoulos, V. Beitzel, V. Ko- 
vacevic and A. Luchetta. Recent changes in Eastern Mediterranean Deep Wa­
ters. Science, 271:333-335, 1996.
Roff, J. C., J. T. Turner, M. K. Webber and R. R. Hopcroft. Bacterivory by 
tropical copepod nauplii: extent and possible significance. Aquatic M icrobial 
Ecology, 9:165-175, 1995.
Roman, M. R., H. G. Dam, A. L. Gauzens and J. M. Napp. Zooplankton biomass 
and grazing at the JGOFS Sargasso Sea time series station. Deep-Sea Research 
/, 40(5):883-901, 1993.
Runge, J. and J. C. Roff. The measurement of growth and reproductive rates. 
In Harris, R. P., P. H. Wiebe, J. Lenz, H. R. Skjoldal and M. E. Huntley, edi­
tors, IC E S Zooplankton Methodology M anual, pages 401-454. Academic Press, 
London, 2000.
Saiz, E. and A. Calbet. Short communication. On the free-spawning reproductive 
behaviour of the copepod Clausocalanus lividus (Frost and Fleminger, 1968). 
Journal of Plankton Research, 21 (3):599—602, 1999.
Saiz, E., A. Calbet, X. Irigoien and M. Alcaraz. Copepod egg production in the 
western Mediterranean: response to food availability in oligotrophic environ­
ments. M arine Ecology Progress Series, 187:179-189, 1999.
BIBLIO G R A PH Y 267
Salman, S. and U. Brenning. Taxonomic ecological investigations on species be­
longing to the genus Clausocalanus (Copepoda, Calanoida) off the North West 
African Coast, x, pages 147-151, 1977.
Sazhina, L. I. Fecundity and growth rate of copepods in different dynamic zones 
of equatorial countercurrent of the Indian Ocean. Polish Archivium  of Hydribi- 
ology, 32:491-505, 1985.
Sazhina, L. I. Reproduction, D evelopm ent and Production of Pelagic Copepods. 
Naukova Dumka, Kiev, 1987.
Scheffer, M., S. Rinaldi, J. Huisman and F. J. Weissing. Why plankton commu­
nities have no equilibrium: solutions to the paradox. Hydrobiologia, 491:9-18, 
2003.
Schminke, H. K. Entomology for the copepodologist. Journal o f Plankton R e­
search, 29(Suppl. I):il49-il62, 2007.
Schnack-Schiel, S. and E. Mizdalski. Occurrence and distribution pattern of 
copepods in the vicinity of the Great Meteor Seamount, Northeast Atlantic. 
h ttp://w w w .m ar-eco .n o/sci/IC E SA S C P A P E R S/S ession M -abstracts.doc, 2002.
Schulz, K. Aspects of calanoid copepod distribution in the upper 200 m of the 
central and southern Sargasso Sea in spring 1979. Syllogens, 58:459-466, 1986.
Shmeleva, A. and A. Kovalev. Cycles Biologiques des Copepodes (Crustacea) de 
la mer Adriatique. Boll. Pesca, P iscic., Idrobiol., 29(l):49-70, 1974.
Simberloff, D. and W. Boecklen. Santa Rosalia reconsidered: size ratios and 
competition. Evolution, 35(6):1206-1228, 1981.
BIBLIO G R A PH Y 268
Siokou-Frangou, I. Zooplankton annual cycle in a Mediterranean coastal area. 
Journal of Plankton Research, 18:203-223, 1996.
Siokou-Frangou, I., E. Christou, N. Fragopoulu and M. Mazzocchi. Mesozooplank- 
ton distribution from Sicily to Cyprus (Eastern Mediterranean): II. Copepod 
assemblages. Oceanologica A cta , 20:537-548, 1997.
Siokou-Frangou, I., E. Papathanassiou, A. Lepretre and S. Frontier. Zooplankton 
assemblages and influence of environmental parameters on them in a Mediter­
ranean coastal area. 20:847-870, 1998.
Siokou-Frangou, I., T. Shiganova, E. Christou, L. Kamburska, A. Gubanova, 
A. Konsulov, E. Musaeva, V. Skryabin and V. Khoroshilov. Mesozooplank- 
ton communities in the Aegean and Black Seas: a comparative study. M arine 
Biology, 144:1111-1126, 2004.
Suarez-Morales, E. and R. Gasca. Epipelagic copepod assemblages in the Western 
Caribbean Sea(1991). Crustaceana, 73(10): 1247-1257, 2000.
Sverdrup, H. U. On conditions for the vernal blooming of phytoplankton. J. Cons. 
Perm . Int. Explor. M er., 18:287-295, 1953.
Timonin, A. G. Vertical micro-distribution of the zooplankton on the western 
tropical Pacific Ocean. Polskie Archiwum Hydrobiologii, 24(Suppl.):323-335, 
1977.
Tukey, J. W. Exploratory data analysis. Addison-Wesley, Reading, Mass, 1977.
Turner, J. T. Latitudinal patterns of calanoid anc cyclopoid copepod diversity in 
estuarine waters of Eastern North America. Journal of Biogeography, 8(5):369- 
382, 1981.
BIBLIO G R A PH Y 269
Turner, J. T. The importance of small planktonic copepods and their roles in 
pelagic marine food webs. Zoological Studies, 43(2):255-266, 2004.
Ueda, H. Small-scale ontogenetic and diel vertical distributions of neritic copepods 
in Maizuru Bay, Japan. M arine Ecology Progress Series, 35:65-73, 1987.
Uttieri, M. Swim m ing behaviour and prey perception in the calanoid copepod C. 
furcatus. Ph.D. thesis, Open University, 2006.
Uttieri, M., G.-A. Paffenhofer and M. Mazzocchi. Prey capture in Clausocalanus 
furcatus (Copepoda: Calanoida). The role of swimming behaviour. M arine  
Biology, in press.
Uye, S. Temperature-dependent development and growth of the planktonic cope­
pod Paracalanus sp. in the laboratory. Bulletin o f Plankton Society of Japan, 
Special:627-636, 1991.
Vaissiere, R. and G. Seguin. fitude preliminaire de peuplements de Copepodes 
(juilletl977) en relation avec l’hydrologie des mers Tyrrhenienne et Ionienne. 
Oceanologica A cta , 3(1): 17—29, 1980.
Valdes, J., M. Roman, M. Alvarez Ossorio, A. Gauzens and A. Miranda. Zoo­
plankton composition and distribution off the coast of Galicia, Spain. Journal 
of Plankton Research, 12(3) :629—643, 1990.
Valentin, J. L. and W. M. Monteiro-Ribas. Zooplankton community structure on 
the east-southeast Brazilian continental shelf (18°-23°S latitude). C ontinental 
Shelf Research, 13(4):407-424, 1993.
Valentin, J. L., W. M. Monteiro-Ribas, M. A. Mureb and E. Pessotti. Sur quelques
BIBLIO G R A PH Y 270
zooplanctontes abondants dans l’upwelling de Cabo Frio (Bresil). Journal of 
Plankton Research, 9(6):1195-1216, 1987.
von Vaupel Klein, J. C. Cases of niche-partitioning and of habitat-segregation in 
pelagic marine calanoids of the genus Euchirella (Crustacea: Copepoda). Zool. 
Verh. Leiden, 323(31xii):383-400, 1997.
Vega-Perez, L. A., S. Hernandez, K. Ara, T. H. Ling and M. A. G. Campos. Ver­
tical distribution of the copepod Clausocalanus furcatus (Bradyi, 1883) (Cope­
poda: Clausocalanidae) off Sao Sebastiao region, Sao Paulo, Brazil. In In terna­
tional Conference on Copepoda. Curitiba, 1999.
Vieira, L., U. Azeiteiro, P. Re, R. Pastorinho, J. C. Marques and F. Morgado. Zoo­
plankton distribution in a temperate estuary (Mondego estuary southern arm: 
Western Portugal). A cta Oecologica Proceedings o f the Plankton Symposium, 
Espinho, Portugal, 24(Supplement 1):S163—S173, 2003.
Villate, F., M. Moral and V. Valencia. Mesozooplankton community indicates 
climate changes in a shelf area of the inner Bay of Biscay throughout 1988 to 
1990. Journal of Plankton Research, 19(11):1617—1636, 1997.
Vuorinen, I., M. Rajasilta and J. Salo. Selective predation and habitat shift in 
a copepod species - support for the predation hypothesis. Oecologia, 59:62-64, 
1983.
Walker, D. R. and W. T. Peterson. Relationships between hydrography, phyto­
plankton production, biomass, cell size and species composition, and copepod 
production in the southern Benguela upwelling system in April 1988. South  
African Journal of M arine Science, 11:289-305, 1991.
BIBLIO G R A PH Y 271
Webb, D. G. and A. J. Weaver. Predation and the evoulution of free spawning in 
marine calanoid copepods. Oikos, 51:189-192, 1988.
Webber, M. K. and J. C. Roff. Annual biomass and production of the oceanic 
copepod community off Discovery Bay, Jamaica. M arine Biology, 123(3):481— 
495, 1995.
Wiggert, J. D., G. E. Haskell, G. A. Paffenhofer, E. E. Hofmann and J. M. Klinck. 
The role of feeding behaviour in sustaining copepod populations in the tropical 
ocean. Journal of Plankton Research, 27(10):1013—1031, 2005.
Williams, R. Spatial heterogeneity and niche differentiation in oceanic zooplank­
ton. Hydrobiologia, 167-168:151-159, 1988.
Williams, R. and M. A. Wallace. Continuous Plankton Records: a plankton Atlas 
of the North Atlantic and North Sea: supplement 1 - The genus Clausocalanus 
(Crustacea: Copepoda, Calanoida) in 1965. Bulletin of M arine Ecology, 8:167- 
184, 1975.
Woodd-Walker, R. Spatial distributions of copepod genera along the Atlantic 
Meridional Transect. Hydrobiologia, 453/454:161-170, 2001.
Yang, C. M. The egg development of Paracalanus crassirostris Dahl, 1894 (Cope­
poda, Calanoida). Crustaceana, 33:33-38, 1977.
Zingone, A. and D. Sarno. Recurrent patterns in coastal phytoplankton from the 
Gulf of Naples. Archo Oceanography and Lim nology, 22:113-118, 2001.
Zunini Sertorio, T. and P. Licandro. Diel variation of mesozooplankotn in 
epipelagic waters of the Ligurian Sea. In Albertelli, G., A. D. Maio and
BIBLIO G RAPH Y 272
M. Piccazzo, editors, 11° Congresso delV'Associazione Italiana di Oceanologia 
e Limnologia, pages 177-192. Sorrento, 1994.
